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ABSTRACT 
The wok presented in this thesis is theoretical as well as 
experimental. The theoretical work is useful for the analysis of 
experimental data. The polari2:ation and angular distribution 
measurements reveal unique properties of the Mossbauer radiation in 
the presence of nuclear hyperfme interactions. A general theory has 
been developed for the measurement of interaction parameters. 
The polarization distribution measurements of the Mossbauer 
radiation could be an effective tool for probing the microscopic fields. 
Therefore, using the multipole radiation field theory, calculations have 
been extended to the mixture of magnetic and quadrupole interactions 
in the transitions !3/2) —> I 1/2) and 17/2) —>• I 5/2), when asymmetry 
parameter (rj) is non-zero and zero, respectively. Detailed calculations 
show that the polarization and angular distribution measurements of 
the Mossbauer y-rays are extremely sensitive to hyperfinc Held 
parameters (viz: electric field gradient, asymmetry parameter (rj), 
angles 0, (j) and Euler angles a,P and y). We have applied D-malrix 
formalism to transform coherency matrix, intensity, degree of 
polarization and hence angular and polarization distribution function 
from the principal axis to the crystal fixed axis system. It is shown 
further that the results obtained with the polarization and angular 
distribution measurements are unambiguous. The theory developed for 
the Mossbauer resonance is useful in the analysis of the Mossbauer 
spectra in single crystals. 
In the experimental part, some model complexes (like biological 
complexes) have been prepared and their Mossbauer spectra have been 
studied with the help of Mossbauer spectrometer at room temperature. 
The electric filed gradient and isomer shift acting at the Mossbauer 
nucleus have been calculated in each case and attempts have been 
made to understand the parameters related to the surrounding of the 
probe (Fe ion). 
The study presented in this thesis is basically divided into five 
chapters, each chapter starting with an introduction and ends up with 
references. 
Chapter-I : Review of Theory 
Chapter-II : The Angular and Polarization Distributions of the 
Mossbauer Radiation 13/2') -> I 1/2*) in the Single 
Crystals 
Chapter-Ill : The Angular and Polarization Distributions of the 
Mossbauer Radiation 17/2^ -^15/2 ') 
Chaptcr-IV: Instrumentation 
Chapter-V : Mossbauer Study of Some Iron Complexes 
Chapter-I gives back ground of the Mossbauer effect and its 
importance, hyperfine interactions and their origins and application of 
the Mossbauer effect to study insight of solids through interactions. 
In Chapter-II a theory has been constructed, using the mullipole 
radiation field to study angular and polarization distributions of 
Mossbauer radiation. The parameters which are involved in the 
interactions can be determined from the above measurements. When a 
Mossbauer nucleus has both the interactions - quadrupole as well as 
magnetic, simultaneously, then calculations are carried out for the 
evaluation of degree of polarization for each transition available 
between two nuclear states. The theory has been applied to Mossbauer 
nuclei, which decay from the excited state having spin 3/2 to ground 
state having spin 1/2, assuming the asymmetry parameter (TJ) non-zero. 
In the Chapter-Ill the same theory has been extended to those 
Mossbauer nuclei which have excited state spin 7/2 and ground state 
spin 5/2, when the asymmetry parameter (r|) is zero. 
Chapter-IV . This chapter deals with the instrumentation used 
to carry out Mossbauer investigations on iron complexes . 
Chapter-V describes preparation of the iron samples and their 
characterization through XRD and Mossbauer studies. 
Usefulness of the Work: 
The work which has been presented in this thesis has following 
usefulness. 
1. The theory provides a powerful tool to study those parameters, 
which are involved in the interactions. It provides a basis to 
analyse experimental data. 
2. The theory is specially meant for single crystals. Computer 
analyses show that the intensity and angular and polarization 
distributions of Mossbauer gamma-rays are direction dependent 
which give information about the symmetry of the parameters. 
3. Rotation matrices [Dl„„(aP7)J transform the results from 
principal axis system to crystal fixed axis system because there 
is no a priori that the two systems must overlap each other. Thus 
correct information is obtained on the orientation of the two axes 
systems with respect to each other. The D-matrices also keep 
track of how angular momentum and projection quantum 
numbers change. However, people have already made use of 
cosine method to correlate the two axes. This method is 
cumbersome due to lengthy mathematical calculations and also 
it loses information on the above quantum numbers. 
The iron complexes which we have studied have following 
usefulness: 
i. Biologically 
(i) Nuclear magnetic resonance imaging agents (NMRI) in 
detecting tumour and cancer, 
(ii) Metal intoxication 
(iii) Anti-fungal 
2. Industrially 
(i) Anti corrosive materials 
(ii) Paint industry 
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Review of Theory 
Chapter-I ]_ 
CHAPTER -I 
Review of Theory 
1.1 Introduction 
The phenomenon of the emission or absorption of gamma-ray without loss 
of energy due to recoil of the nucleus and without thermal broadening is known as 
the Mossbauer effect. It was discovered by Rudolf Mossbauer in 1958 [1]. 
It has an important influence in many branches of sciences and engineering. 
Its unique feature is in the production of monochromatic electromagnetic radiation 
with a ver)' narrowly defined energy spectrum, so that it can be used to resolve 
minute energy differences. The direct application of the Mossbauer effect to 
chemistry arises from its ability to detect the slight variation in the energy of 
interaction between the nucleus and the extra-nuclear electrons, variations which 
had previously been considered negligible. 
On the physical basis, the Mossbauer effect and the importance of recoilless 
emission of gamma-rays, discussed as follows [2-9]. 
1.1.1 Energetics of Free-atom Recoil and Thermal Broadening 
Let us consider an isolated atom in the gas phase. The energy difference 
between the ground state (Eg) of the nucleus and its excited state (He) is given by 
Eo = Ee-Eg (1.1) 
The following treatment refers only one dimension for simplicity, that in 
which direction a gamma-ray photon is emitted and in which direction the atom 
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recoils. This simplification causes no loss of generality as the components of 
motion in other two dimensions remain unchanged. If the photon is emitted from a 
nucleus of mass M moving with an initial velocity Vx in the direction X at the 
moment of emission, then its total energy above the ground state nucleus at rest is 
Eo+- MV^ .^ After emission the gamma ray will have an energy Ey and the 
nucleus a new velocity (Vx+ v) due to recoil (v is a vector so that its direction can 
be opposite to Vx) as shown in Fig. 1.1. 
Before the emission After the emission 
Y-rav 
Velocity V^  V, + v 
Energy Eo+— M V '^ 
Momentum MV. 
E^  + - M(V^+v) 
M (V,+ v) + —!-
c 
Fig.1.1. The energy and momentum are conserved in 
the gamma emission process. 
The total energy of the system is Ey+— M (Vx+ v) . By conservation of energy 
Eo+^MVx' = E,+ i M ( V x + v ) ^ (1.2) 
The energydifference between the nuclear transition (Eo) and the emitted gamma-
ray (E )^ is 
5 E = E O - E Y = - M V ^ + MVVX 
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5 E = ER + ED. (1.3) 
The y-ray energy is seen to differ from the nuclear energy level separation by an 
1 2 
amount which depends on the recoil kinetic energy (ER = - M v ) which is 
independent of the velocity Vx and the term ED = MvVx which is proporlional to 
the atom velocity Vx and is a Doppler-effect energy. 
The mean kinetic energy per degree of freedom of a free atom in a gas with 
random thermal motion is given by 
EK = - M V X S ^ K T S 1.25X10"'eVat 300 K , (1.4) 
2 2 
— 2 
where Vx is the mean square velocity of the atoms, k is the Boltzman constant and 
T is the absolute temperature. 
Hence,(Vx)''^ = (2Ek/M)'^^ 
and the mean broadening 
ED =Mv(Vx)"' = ( 2 E K . M V ' ) " ' = 2 ( E K E R ) " ' . (1.5) 
The recoil energy of the y-ray emitting nucleus is given by 
E,=iMv'=<M^ = -El, (1.6) 
" 2 2M 2 M 
where p is the linear momentum of the recoiling nucleus. Since the momentum 
must be conserved, this will be equal and opposite to the momentum of the y-ray 
photon (py), 
E, 
c 
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2Mc' E R - TTTl' 
57T 
~ 1.95xl0~' eV (The 14.4 KeV "Fe transition at 300 K). 
Thus, 
ED = 2 ( E K E J ' ' ^ = E ^2EK^ 
^ M C ^ ; 
(1.7) 
(1.8) 
Eo 
• E, 
Fig. 1.2. The statistical energy distribution of the emitted y-ray showing the 
inter relationship of Eo, ER and E D . 
The effect of the recoil energy and thermal broadening on the line shape are 
shown in Figs. 1.3 and 1.4. 
Fig.1.3. Dotted curve is the natural line shape without recoil and thermal broadening whereas 
other curve has the effect of recoil energy and thermal broadening. 
Chapter-
Fig. 1.4. The figure shows the line shape in the emission and absorption 
processes and the resonance overlap for free-atom nuclear 
resonance is small and shown shaded in black. 
According to the fundamental radiation theory the proportion of absorption 
is determined by the overlap between the exciting and excited energy distributions. 
This gamma-ray has lost energy ER due to recoil of the emitting nucleus. It can 
easily be seen that for the reverse process where a gamma-ray is reabsorbed by a 
nucleus a further increment of energy ER is required since the gamma-ray must 
provide both the nuclear excitation energy and the recoil energy of the absorbing 
atom (EO+ER). For example, for Ey = 10"* eV and a mass of the atom (M) = 100 
a.m.u., it is found that ER = 5.4xlO~^eV and ED~ 5X10~^ eV at 300 K. The amount 
of resonance is the shaded area in Fig. 1.4 and is extremely small. But in the 
resonance absorption of ultraviolet radiation by atoms, the values of ER and EQ are 
found only 2.1x10"'° eV and ~ 3x10"^ eV respectively, for this typical values of 
Eo= 6.2 eV (50,000 cm"') and M = 100 a.m.u. In this case a strong resonance 
absorption is expected because the emission and absorption profiles overlap 
strongly. 
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The recoil energy 2ER can be compensated if the source is moved with a 
large closing Doppler velocity (2v). 
2v = 3 P , ^ = ^ . (1.9) 
M M Mc 
P.B. Moon [10] had performed the experiment successfully in 1950 using ultra 
centrifuge. 
1.1.2 Heisenberg Natural Line Width 
The most important influence on a gamma-ray energy distribution is the 
mean life time of the excited state. The uncertainties in energy and time are related 
to Planck's constant h (=271;^ ) by the Heisenberg uncertainty principle 
AEAt>^. (1.10) 
The ground state nuclear level has an infinite lifetime and hence a zero 
uncertainty in energy. However, the excited state of the source has a mean life x of 
a micro second or less, so that there will be a spread of gamma-ray energies of 
width Fs at half height, then 
r x = ^ (1.11) 
r = - . (1.12) 
r 
The mean life x is related to the half-life ti/2 by the relations x = ln2xti/2. 
Whence, substituting numerical values we get, 
r(eV, = i i 5 ^ . (1.13) 
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For the case of "Fe, ti/2 = 97.8 ns, then Y = 4.67x10"^ eV. This is some 
10^-10^ times less than the values of ER and ED for a free atom and so can be 
neglected in that case. However, it can be seen that if the recoil and thermal 
broadening could be eliminated, radiation with monochromaticity approaching 1 
1 9 
part in 10 could be obtained. 
1.1.3 Elimination of the Recoil Energy (ER) and the Doppler Broadening 
The lattice energies and chemical binding in solids are of the order of 1 -10 
eV. These energies are greater than the free atom recoil energies (ER). If the 
emitting atom is unable to recoil freely because of chemical binding, the recoiling 
mass can be considered to be the mass of the whole crystal rather than the mass of 
the single emitting atom. Using the equation ER = — ^ , where M is the mass of 
2Mc 
the whole crystallite which even in a fine powder contains at least 10 ^ atoms. Due 
to this factor, ER is reduced and when the whole mass of a lattice participates ER 
reduces further. This makes ER and EQ (=2(EkER)"^ completely negligible. Hence, 
the recoilless gamma-rays with out thermal broadening are obtained. This is called 
Mossbauer effect. 
1.1.4 Energy and Momentum Transfer to the Lattice 
In the Mossbauer experiment the emitting and absorbing nuclei are 
« 
embedded in a solid lattice or matrix, this result in the recoil momentum being 
taken up by the crystal as a whole since the free atom recoil energy (<10~' eV) is 
insufficient to eject the atom from the lattice site (binding energy 1-10 eV). Thus, 
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precluding momentum transfer to linear translational motion of the nucleus, and 
the lattice vibrations cannot take up the momentum because a time-average of zero 
is established within the decay time. Similarly, the total energy of the y-transition 
(Eo) must be conserved and can only be shared between: 
(i) The energy of the y-photon, E ;^ 
(ii) The lattice vibrations; 
(iii) The translational kinetic energy of the individual atom; 
(iv) The translational kinetic energy of the solid as a whole. 
The third of these possibilities is eliminated by the high chemical binding 
energy and the fourth has been shown to be minute because of the large mass 
involved. The gamma-ray energy of the transition is thus shared between the 
y-photons and the lattice vibration phonons. Because of quantisation conditions, a 
fraction of events, f, occur with no change in the lattice vibrations and the entire 
transition energy E is manifested in the y-photon energy (Eo= Ey). 
1.1.5 Conditions to Observe Mossbauer Effect 
Now we conclude that the Mossbauer's analysis of the emission and 
scattering of gamma-rays by atoms bound in solids indicated that the three 
different cases should be distinguished as: 
(i) If the free-atom recoil energy is large in comparison to the binding 
energy of the atom in solid, the atom will be dislodged from its lattice 
site, resulting in no resonance scattering. 
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(ii) If the free-atom recoil energy is larger than the characteristic energy of 
the lattice vibrations (i.e. the phonon energy) but less than the energy 
required to dislodge the atom, the atom will remain at its lattice site and 
will dissipate its recoil energy by heating the crystal (generation of 
phonon). 
(iii) If the recoil energy is less than the typical phonon energy, a new effect 
arises because the lattice is a quantized system which carmot be excited 
in an arbitrary fashion. This energy (ER) cannot be absorbed in the 
cr>'stal. This effect is responsible for the unexpected increase in the 
scattering of gamma-rays at low temperature first observed by 
Mossbauer. 
1.1.6 The Recoil Free Fraction 
Due to thermal behaviour of the crystal in which the radiating nucleus is 
embedded, there is a mixture of recoil and nonrecoil transitions, and the recoil free 
fraction is given by 
„_ Recoil free transitions 
Total number of transitions" 
The recoil free fraction depends upon the Debye model of solids, then 
f=exp 
2 el J 
(1.14) 
The following conclusions [11-13] can be derived from Eq. (1.14) 
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(i) The recoilless fraction increases as the temperature goes down, this is 
what Mossbauer observed with Ir. 
(ii) The higher the Debye temperature (9D) of the solid, the larger is the 
Mossbauer recoilless fraction, 
(iii) The Mossbauer effect is limited to relatively low energy gamma-
radiation emission since Eq. (1.14) decreases rapidly with the transition 
gamma-ray energy. The effect has been observed up to the 155 KeV 
gamma-radiation. 
The expression (1.14) is only valid for a mono atomic lattice of identical 
atoms. Two frequent situations occur. The emitting nucleus is an impurity in a 
host lattice and in solids besides the acoustic modes of vibration one can also 
excite optical modes. Both these cases cannot be described by Eq. (1.14) and a 
detailed knowledge of the frequency distribution must be available in order to 
derive the appropriate relation for the recoilless fraction (f). 
In the expression for f-fraction it is presumed that crystal is a microscopic 
dimension so that low frequency limit of the non-modes could be extended down 
to zero. This assumption is not valid in the case of the microcrystal where size 
limitation determines the low frequency cut off and thus effecting the results 
derived inEq. (1.14). 
1.1.7 Line Shape of the Source and Absorber 
The gamma-ray absorption cross section for the nucleus going from ground 
state to the excited state is given by [14], 
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2 . x - ( 2 / . . ! ) ^ (1.15) 
(2/^+1) (a + 1) 
where le and Ig are the spins of excited and ground stales of the decaying nucleus 
respectively and a is the total internal conversion coefficient of the excited state. 
For Fe, the resonance cross section comes out to be 2.2x10" cm which is 200 
times greater than that of photoelectric absorption and Rayleigh scattering [15] 
cross section at that energy. As a result, the resonant absorption is detectable even 
when the resonant isotope is a minor constituent of the absorbing solid. 
The energy dependence of the absorption cross section is given by the 
Breit-Wigner formula 
a(E) = oo [1+4 {(E-Eo)/ra} Y \ (1.16) 
where EQ, E and Fa are the nuclear transition energy, photon energy and width of 
the resonance at half maximum absorption respectively. The Lorentzian line shape 
defined by this expression applies both to the emitted radiation and to the 
absorption cross section. The experimentally observed line shapes are a result of 
folding the source and absorber line shapes and the result is 
Gexp (E) - ao [l+4{(E-Eo)/r,+ Fa}Y'. (1.17) 
Thus, the line widths of the source and the absorber are additive. If the 
natural line widths are realized in both, the observed Mossbauer resonance line 
width is just twice the natural line width of the excited state. 
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The cross section of Eq. (1.15) is the total cross section at the resonance 
absorption. The effective cross section in the Mossbauer experiment is further 
reduced by the product of recoil-free fractions applicable to the emission as well 
as absorption processes separately [16]. 
1.1.8 Thickness Effect 
The Mossbauer spectrum can be obtained either using the scattering 
geometry [15] or a transmission one [17]. In either of the cases, it is essential to 
see how a line shape gets affected due to thickness of the absorber. Further, the 
transmission line shape gets modified due to thickness of the source itself since the 
accuracy of hyperfme field measurements depend upon the line width of the 
Mossbauer transition. It is imperative to have the information that how it gets 
affected due to thickness of the source and the absorber. 
The absorber thickness plays a significant role in the quantitative analysis 
of the spectra. The effective absorber thickness tA (for a single absorber) is usually 
defined by 
tA = Oo fA Ha dA aa, ( 1 . 1 8 ) 
where, CQ, fp,, n^, dA and aa are the maximum absorber cross section, the recoil free 
fraction in the absorber, the number of atoms / cm of the particular element, the 
physical thickness of the absorber in cm and the isotopic abundance of the 
resonance isotope respectively. 
If tA « 1 the intensities of the resonance lines are rather small, however, in 
this case the lines can be fitted to a good approximation by Lorentzian curves. If 
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tA»l the lines are broadened by saturation effects and fitting by a sum of 
Lorentzian lines of hyperfine pattern fails usually experiments are carried out with 
a thickness of tA « 1. Under these conditions the deviation from the thin absorber 
approximation in split spectra can be significant because of overlap effects. For a 
quantitative analysis the transmission integral has to be evaluated. 
Fitting procedures in conjunction with various computer programs have 
been discussed extensively in the literature [18, 19]. 
1.1.9 Importance of Mossbauer Effect 
Mossbauer effect has become an important experimental tool for the 
investigation of hyperfine interactions in solids in a short time soon after its 
discovery in 1958 [16, 17]. The Mossbauer spectroscopy has number of 
advantages over other methods because it is more selective and it singles out a 
specific isotope such as ^^ Fe etc. Properties of the surrounding environment can 
be studied, although indirectly, via hyperfine interactions [20, 21]. The Mossbauer 
spectroscopy can be used as an analytical tool to determine the total amount of a 
given isotope, to check the inhomogeneity of the sample or to identify the various 
components it may contain [22]. The line width of ^^ Fe is 4.5x10"^ eV and the 
quality factor (Q = Ey/AE = 14.4x1074.5x10"^ gives a high sensitivity of about 3 
parts in lO'^. A few other isotopes known for their higher selectivity are '^'Ta 
(QalO'") and ^^ Zn (Q « 2xl0'^) but they are too difficult to perform experiments 
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with [23]. Thus, the Mossbauer resonance furnishes important information about 
the very small perturbations. 
The Umitations of the method are obvious, too. The number of useful 
isotopes is relatively small. In biological studies, in particular, the only nuclei of 
immediate significance are Fe and its radio active parent Co and the two iodine 
isotopes ^ '^ir and '^ I^^ . Other limitations are the fixed energy resolution determined 
by the nuclear half life time and the fact that only the immediate environment of 
the Mossbauer isotopes can be studied. A further serious restriction is that the 
system must be in the solid form. 
1.2 Hyperfine Interactions in the Mossbauer Effect 
In the Mossbauer effect, the line width of the nuclear transition is small and 
the resonant absorption is extremely sensitive to energy variation of the gamma 
radiation. Therefore, the minute interactions between the nucleus and the orbital 
electrons which are not observed generally by other methods, can easily be 
observed in the Mossbauer effect. It is thus the influence of the electronic 
environment on the nuclear gamma transition both in emission and absorption 
which determines the hyperfine structure of the Mossbauer radiation [24, 25]. 
The principal interactions in the Mossbauer effect are 
1.2.1 Nuclear Isomer-Shift 
1.2.2 Nuclear Quadrupole Interaction 
1.2.3 Nuclear Magnetic Hyperfine Interaction 
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1.2.1 Isomer-Shift 
The nuclear electric charge is extended in space and is surrounded by the 
orbital electronic cloud. We know that the s-electrons are nearest to the nucleus. 
Therefore, the electrostatic interaction is different for point charges and extended 
charge distributions. A change in the s-electron density will result in an altered 
coulombic interaction that produces a shift of the nuclear energy level [26, 27]. 
The effect could be called the electric monopole interaction. The effect depends 
upon the difference in the nuclear radii of the ground and isomeric excited states, 
is known as the Isomer-Shift as shown in Fig. 1.5. 
Excited 
state (e) 
Ground 
state (g) 
Absorber (A) 
X-
(a) 
W "^immi 
(b) 
Fig.1.5. a and b. Origin of isomer shift, (a) Electric monopole interaction shifts 
nuclear energy levels without lifting the degeneracy, (b) Resultant 
Mossbauer spectrum (schematic) 
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The isomer shift (I.S.) = Ea - Ej 
Ea and Ej are the energy difference for absorber and source respectively. 
I.S. = (27iZe'/5) {|^a(o)|'-|^s(o)|'} [R'e-R'g], (1.19) 
where e|\j/a(o)| and e|v|/s(a)|, R^  and Rg are respectively the electron density at 
absorber, source, radii of the nucleus, in excited and the ground states, 
or = (27iZe'/5)R2(5R/R) {\W, (of -1% (o)P}, (1 -20) 
where Re - Rg = 6R 
and R \ - R \ = (R^ -Rg) (Re + Rg) « 5R (2R). 
The Eq. (1.20) consists of two factors, one is that of nuclear radius effect 
and the second being the electronic charge density at the nucleus which is 
basically an atomic or chemical parameter since it is affected by the valence state 
of the atom. Therefore, to observed the isomer-shift we must have that, 
(i) The mean square radius of the nuclear ground state must be different 
from that of the nuclear excited state, 
(ii) The chemical make up in the source and absorber must be different. For 
example, two different valence states may be used that the electron 
density at the nucleus is different in source and absorber. 
1.2.2 Quadrupole Interaction 
In the case of isomer shift, the effect of the electrostatic interaction between 
nuclear and electronic charges was derived by assuming the nucleus to be 
spherical and the charge density to be uniform. If these conditions are relaxed, 
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other effects appear which are in fact higher order terms in the multipole 
expansion of the electrostatic interaction. These terms do not shift the nuclear 
levels, they split them, i.e., they lift all or part of their (21+1) fold degeneracy 
(where I is the nuclear spin quantum number as shown in Fig. 1.6. 
1=3/2-
I=V2. 
/— 
€ ^ v. 
- < : : : 
.^z: 
• • • • " s 
;JQ5. I 
s 
(c) 
(b) 
(a) 
1 • I ' I 1 ' 1 
- 8 - 6 - 4 - 2 0 2 4 6 8 
VekxJty (mnVsec) 
Fig 1.6. Schematic diagram of the hyperfine interaction and corresponding Mossbauer 
spectra of'^Fe. (a) Electronic monopole interaction (b) Electric quadrupole 
interaction, (c) Magnetic dipole interaction. 
The second nonvanishing term of the electrostatic interaction of a nucleus 
with its surrounding electronic charge is the quadrupole coupling. This is the result 
of the interaction of the nuclear quadrupole moment with the gradient of the 
electric field due to other charges in the crystal etc. The nuclear quadrupole 
moment reflects the deviation of the nucleus from spherical symmetry. An oblate 
(flattened) nucleus has a negative quadrupole moment while a prolate (elongated) 
has a positive moment. Nuclei whose spin zero or 1/2 are spherically symmetric 
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and have a zero quadrupole moment. Thus the ground state of Fe with 1=1/2 
cannot exhibit nuclear quadrupole splitting. 
Any nucleus with a spin quantum number of greater than I = 1/2 has a non-
spherical charge distribution, which if expanded as series of multipoles contains a 
quadrupole term [28]. The quadrupole interaction Hamiltonion is given by 
^ ^ ^ ^ q Q _ , _ n j , ^ j , (1.21) 
^ 41(21-1) - ^ ^ 2 ' 
where 1, Q, q, T], I+ and L are the nuclear spin, quadrupole movement, electric field 
gradient, asymmetry parameter and shift operators respectively. 
A Mossbauer transition occurs between two nuclear levels, each of which 
may have a nuclear spin and quadrupole moment. This means that both the ground 
state and excited state levels may show a quadrupole interaction. The law of 
conservation of angular momentum and of parity leads to the formulation of 
definite selection rules which characterize the transition between the two states 
and these ensure that there is a high probability for transitions in which the change 
in the I^  quantum numbers [l^\ -(Iz)g] = m is 0 or ± 1. The magnitude of the 
quadrupole interaction is a product of two factors, eQ is a nuclear constant for the 
3 1 
resonant isotope, while eq. is a function of chemical environment. For a | - ) ->| - ) 
transition, it is not possible to determine the sign of c^qQ or the magnitude of r| 
from the line positions. This is not the case for higher spin states where the sign of 
e qQ can be uniquely determined from the unequally spaced lines. 
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The contributions of the electric field gradient at the nucleus comes from 
three sources [29, 30]. 
(i) Electrons belonging to the atom: In transition metal ions the inner d-
or f-electrons are not completely filled and cause electric field gradient 
at the nucleus, 
(ii) Polarization of inner shells of the atoms: The electrons of the filled 
inner shalls have spherical symmetry and normally have no contribution 
to the field gradient. However, both external charges outside the atom 
and its own unpaired electrons can polarize these inner shalls leading to 
the induction of the field gradient at the nucleus, 
(iii) Charges external to the atom: The ionic charges of the lattice produce 
a field gradient at the Mossbauer nuclear site. 
The relative importance of these factors depends on the type of solid 
considered. For instance the lattice contribution will be dominant in ionic crystals 
of non-transition elements, whereas in transition elements the electrons in the 
unfilled shells will give the largest contribution. In molecular solids the 
asymmetric 7i-electrons or the presence of n-bounding will give the main 
contribution to the electric field gradient. 
1.2.3 Magnetic Hyperfine Interaction 
The most familiar part of the hyperfine interaction without doubt is the 
magnetic part arising from the interaction of the nuclear magnetic dipole moment 
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\i with the magnetic field H due to the atom's own electrons [31-33]. The 
Hamiltonian for the magnetic interaction is 
H, = -H.H = -gMN.I.H, (1.22) 
and the energy levels are 
Em = -^i.Hmi/I = -g^N- Hmi, (1.23) 
with mi = I, I-l, ..., -I and ^N is the nuclear magneton and g is the nuclear 'g' 
factor. According to Eq. (1.23) there are (21+1) equally spaced energy levels as 
shown in Fig. 1.6. In general, a gamma transition between the ground and excited 
states of spins Ig and le must conserve the Z-component of angular momentum, 
i.e., the angular momentum, L, carried off by the gamma-ray must satisfy, 
|Ig -lel < L < |Ig + lel with L ^ 0. 
A transition with L =1 is called an electric dipole El transition by a change in 
parity, otherwise it is a magnetic diploic Ml transition. The effective magnetic 
field acting at the nucleus arising from the atom's own electrons is usually called 
the internal field. The main contributions of internal fields are 
(i) The Fermi contact interaction: Direct interaction between the nucleus 
and unpaired s-electron density is 
Hs = -(167rp/3) < Z (t^'s(o) - i'¥\ (o))) (1.24) 
Where T T ^ (o) and iW^, (o) are the s-electron spin densities at the nucleus with 
spin-up and spin-down respectively and P is the electron Bohr magneton. 
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Differences in spin-up and spin-down charge densities appear even in filled 
s-shells of the atoms containing partially filled magnetic 3d-shell. 
There is a number of other mechanisms which gives rise to magnetic fields 
at the nucleus 
(ii) The orbital magnetic moment gives rise to a field 
HL = -2 P <l/r^) <L) = -2 p (1/r') (g-2) <S>, (1.25) 
Where <L> is angular momentum. 
(iii) Internal field This term is used for the field resulting directly from the 
application of a external field Ho, taking into account the Lorentz and 
demagnetizing fields 
Hi = Ho+ 4/3 71 M-DM (1.26) 
(iv) Dipolar interaction with the electron spins of the parent atom give 
rise to 
HD = -2p <3r (S.r)/r^ -S/r^) (1.27) 
The relative contribution of these terms depends on the electron 
configuration in the atom, the most important contribution being that of the Fermi 
contact term. It.is important to observe that unpaired spin densities appear even in 
filled s-shell of transition ions. This is due to the fact that the exchange interaction 
between the spin-up polarized d-shell and a spin-up s-electron is attractive while 
that between the d-shell and a spin-dovm s-electron is repulsive. As a 
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consequence, the radial parts of the two s-electron wave functions are distorted, 
one being pushed closer to the nucleus and the other being pulled further out. 
The hyperfine structure of the Mossbauer spectra depends essentially on the 
character of the magnetic state of the sample paramagnetic, ferromagnetic or 
antifarromagnetic. For paramagnetic samples it is important to consider the time 
elapased between two successive flips of the electron spin. These flips can be due 
to electronic relaxation, if the frequency of the flip is much larger than the Larmer 
frequency related to the nuclear spin due to other intemalfield there is no 
hyperfme structure as the value of the internal field seen by the nucleus averages 
out to zero over the time of the Larmer precessions, on the other hand if the 
electron-flip frequency is comparable to or smaller than the frequency of the 
nuclear spin, the spectrum will show a magnetic hyperfme pattern. With ferro, 
ferri-, and antiferro magnetic materials, the electron spin-spin coupling is much 
higher than the nuclear Zeeman coupling, as a consequence, the nuclear spin 
interacts with the average value of the internal field and the Mossbauer spectra 
represent the typical magnetic hyperfine structures. 
1.3 Static and Dynamic Aspects of Lattice Structure 
The lattice effects are contained in the recoilless factor as the temperature 
dependant measurements of the resonance cross-section determines, the mean 
square vibrational amplitude of the Mossbauer nucleus in the solid under 
investigation. In recent years several experimental and theoretical investigations 
have established that the phonon relaxations under the defusing motions of atomic 
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mass point are readily measureable with the help of Mossbauer technique. 
Similarly, the microcrystal effects have been of intense study using the iron and tin 
Mossbauer isotopes. However, in all these investigations of the microcrystal no 
effect of the recoil energy loss when the crystal size is very small, is taken into 
account. The recoil energy losses in microcrystal of measureable dimensions are 
as large as the line width. Therefore, the effects arising from the recoil energy 
losses should also be taken into account in the determinations of the line shifts. 
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CHAPTER-II 
The Angular and Polarization Distributions of the 
Mossbauer Radiation |3/2^ -> |l/2^ in Single Crystals 
2.1 Introduction 
When a gamma-ray emitting or absorbing nucleus is placed in the presence 
of magnetic and electric fields, the magnetic dipole moment of the nucleus 
interacts with the surrounding magnetic field, and the quadrupole moment of the 
nucleus interacts with the electric field gradient set up by the ligands around it [1]. 
Attempts have been made to construct a theory, assuming asymmetry parameter 
(TI) non-zero, to evaluate hyperfine field parameters in single crystals using the 
Mossbauer resonance. 
In the nuclear transition |3/2> -> | 1/2), eight lines are obtained. The 
coherency matrix [2], the intensity and the degree of polarization [2] have been 
calculated for each line using the multipole radiation-field theory [3] and density-
matrix approach [4-5]. Extensive use of D-matrix [6] has been made to transform 
the results from the principal axis system (PAS) to the crystal fixed axis system 
(CFAS) in single crystals. 
When the magnetic and quadrupole interactions are equal and unequal in 
magnitudes, a remarkable change in some of the results is observed. These 
We have published this work in the Journal: Nuclear Instruments and Methods in Physics Research B 222 
(2004) 371-402. Please sec tlie reprint at the end of thesis. 
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observations are very much useful for the angular and polarization measurements 
as shown below. 
2.2 Theory 
The interesting and important part of the hyperfme structure is the magnetic 
part arising from the interaction of the nuclear magnetic dipole moment i^ with the 
magnetic field H due to the atom's own electrons. The magnetic field is supposed 
to be parallel to the z-axis. The Hamiltonian for the magnetic interaction [7] is 
H, = -|i.H = -g^Nl.H, (2.1) 
and the energy levels are 
Em = - ^ H m, /1 = - gUN Hmi (2.2) 
with mi = I, I - 1, ...,-I and JIN is the nuclear magneton and g is the nuclear 
g-factor. According to Eq. (2.2) there are (21+ 1) equally spaced energy levels. In 
general, a gamma transition between the ground and the excited states of spins Ig 
and Ic must conserve the z-component of angular momentum, i.e., the angular 
momentum, L, carried off by the gamma ray must satisfy 
I Ig - le I < L £ I Ig + le I with L ^ 0 
A transition with L =1 is called an electric dipole El transition, if it is 
accompanied by a change in parity otherwise it is a magnetic dipole Ml transition. 
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The effective magnetic field acting at the nucleus arising from the atom's own 
electrons is usually called the internal field. 
When an atom is placed in a regular crystalline environment, it loses its 
spherical symmetry and the electrostatic field interacts with the atom at the lattice 
site. If the surrounding crystal symmetry is less than cubic symmetry then electric 
field gradient at the lattice site becomes non-zero and interacts with the 
quadrupole moment of the nuclear state. The nuclear projection quantum number 
states get split partially, depending upon nuclear spin. The quadrupole interaction 
Hamiltonian can be expressed as [8, 9] 
= ^'Qq [31^  _ 1(1 +1) + !1(I2 +12 )j (2.3) 
"^ 41(21-1) ^ ^ ^ 2 ^ ^ ^ 
where Q, q, I and r\ are quadrupole moment of the nucleus, electric field 
gradient, spin of the state under consideration and asymmetry parameter, assuming 
non zero, respectively. 
If both magnetic and electric quadrupole interactions are simultaneously 
present then the complete Hamiltonian [10] is 
H==-gM;.H+-i^[3I^-I(I + l) + 5(lJ+l!)], (2.4) 
41(21-1) 2 
where I j and I^  are defined with respect to two different axis systems. 
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For a single photon, the transition probability for an emission or absorption 
process depends on the interaction energy H' which can be given by the scalar 
product of current density j of the source and the vector potential A of the field. 
Since the interaction energy is a zero-rank tensor, H' must be given as [11] 
H-Zb, X i-rArrriN), (2.5) 
where T^ (N) is a tensor of rank / in the co-ordinates of the nucleus and related to 
its multipole moments. The tensor T/'"(N)can be obtained from the multipole 
solution of the Maxwell's electromagnetic field equations [12]. In the Mossbauer 
resonance, the initial state | i> of the nucleus having the angular momentum I, and 
other quantum numbers y, can be given as 
|i> =2,„,allY,,I„m,), (2.6) 
and final state of the nucleus is 
10 =2. fbL ' r lYf , I r ,mr) , (2.7) 
where aj^ , andbj^ fCan be obtained fi-om the diagonalization of the hyperfine 
interacfion Hamiltonian. In the radiative nuclear transition the possible multipole 
radiations generally encountered in the Mossbauer resonance are of the dipole and 
quadrupole character [13]. The nature of the electric or magnetic transition 
radiation is contained in the definition of A/*". Hence, the H' for the nuclear 
radiative transition is 
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H'= Const[^(-l)T,^A-'' +55](-l)T2"'A-"']. (2.8) 
The transition probability for the nucleus to decay form slate |i> to the state 
|f) is proportional to the square of the matrix element <f|H'|i>. Ihc intensity of 
radiation in a given direction n can easily be computed using Eqs. (6)-(8) and it is 
proportional to the expression given by 
Y Y a;; al;. bl; bl;, 
/ J / J m, m , nip nif iTi|-,m, mc,iTi|-
V ^ / i \ M + M ' 
M.M' 
li 1 If 
nij - M m,-
1, 1 1, 
m',-M' m'f 
+ 2SRe{ K-i) 
ni,M 
m+M li 1 If p i 2 I, 
nii - M mfjlm'j -m m',- A'^A; 
+ ^ 'X(-I)'"'" h 2 I, 
m, - m m, 
I; 2 L 
m ; —m mI 
,4 'n J m (2.9) 
The amplitudes a|; and bj^ ^ can be evaluated by the first order perturbation 
theory because HQ is much smaller than the energy of the Mossbaucr transition 
and the admixture coefficient 5, the ratio of E2 to Ml , becomes zero 114. 151. 
When a gamma-ray emitting or absorbing Mossbauer nucleus is placed in 
the presence of magnetic and electric fields [16], the new eigen energies and eigen 
states come into existence. 
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Let us consider Ml radiation obtained between the two spins Ic = 3/2 (first 
excited state spin) and Ig = 1/2 (ground state spin). When the nucleus decays from 
the first excited state to the ground state, eight lines are obtained. 
2.3 Polarization and Angular Distribution of the Ml Radiation 
The Mossbauer radiation measurements of angular and polarization 
distribution of a particular energy should give hyperfine field parameters. There 
are some unique features in the measurement of the degree of polarization in the 
radiation emitted from a single crystal, complications due to anisotropic 
Debye-Waller-factor [17] which always affect the angular distribution of the 
Mossbauer radiation in single crystals, will be absent. It is almost impossible to 
separate the hyperfine field parameters from unavoidable crystal orientation 
dependent Debye-Waller-factor if one is to measure only the angular distributions. 
These complications do not exist in polarization measurements. Therefore, the 
polarization determination has several advantages over the angular distribution 
measurements. An attempt has been made by Housley et al [18] to understand the 
polarization effects in Mossbauer absorption or emission of Ml radiation in single 
crystals. Here they have considered that the principal axis system of the EI-'G 
tensor coincides with crystal fixed axis system. However, the principal axis system 
of the EFG tensor has no a priori relation to the crystal axis system. Hence, the 
proper calculations become essential to understand the polarization measurements. 
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The polarization measurements are also useful for the determination of mean 
square displacement tensors in a single crystal. 
The polarization of the electromagnetic radiation can be calculated by two 
methods. The Stokes method [19] is ideally suited when the measurements allow 
the determination of the relative phase of the electric field vectors, which are 
orthogonal at a given point, specifying the eletromagnetic radiation [20]. The 
Stokes method is applicable when the measurements allow the introduction of the 
desired relative phase difference between the orthogonal electric-field vectors 
specifying the radiation [21]. Such polarization analysers are not available in the 
region of the X-ray wavelengths. Thus, the Stocks method for the polarization 
measurements of the Mossbauer gamma-rays is not accessible. The density matrix 
formalism [4,5] gives the degree of polarization which is measurable for the 
gamma-radiation. In the determination of polarization it is essential that we should 
consider the coherent properties of the radiation, the coherence in this context is to 
be interpreted as that property which retains degree of polarization of the 
electromagnetic wave as it propagates in space from the source to the detector. In 
many nuclear transitions the Mossbauer- radiation is highly coherent, for example 
for Fe, coherent length « 30 m. Since the nuclear hyperfine interaction admixes 
the m-projection quantum number states, hence the radiation emitted from such 
admixed states should carry in its degree of polarization the information about 
hyperfine-field parameters. When the radiation is emitted in the direction n (0,(|)) 
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with respect to a co-ordinate system, the electric field may be represented as Eg Ce 
+ E^  e,j„ where Ee and E^ are the field amplitudes in the direction of the unit 
vectors 
ee and e,|,. 
The coherency matrix by definition is [2] 
P u Pl2 
P2I P22, 
t-e-^fi 
t-e-^f* 
(2.10) 
and the intensity = |Ee ^ + |E,j, | = trace of the matrix. (2.11) 
The degree of polarisation P is defined as the ratio of the intensities of the 
polarized portion to the total intensity 
I. 
'Total 
P = - f = ^ = Vl -4 |p | / (Pu+p , , ) \ (2.12) 
where |p| is the determinant of matrix p. 
P = 1 for the monochromatic radiation since |p| = 0, and the wave is said to be 
completely polarized, for P = 0, the wave is said to be completely unpolarized. In 
all other cases (0<P<1), the radiation is partially polarized [2]. 
In order to get intensity of the different Mossbauer lines we need to 
evaluate matrix elements for each transition and square of the total transition 
amplittude should give the radiation intensity. Consider 8 and (j) to be the polar 
angles, specifying direction of the out coming gamma-ray in the PAS. The unit 
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vectors x,y, andz in rectangular co-ordinate system can be related to Cy, ee and e,j, 
in the spherical co-ordinate system, as given in Fig. 2.1. 
Y 
Fig.2.1 Unit vectors Ce, e ,^ and e^  are mutually orthogonal and e^  is 
perpendicular to the plane defined by OZ,OM or ON. 
X = tf sinG cos(l) + ee cosG cos<t) - e^  sin(j), 
y = Cy sinG sincj) + ee cosG sin(|) + e,|, cos(|), > 
z = Cy cosG - ee sinG . 
(2.13) 
The radiation fields are given as [22] 
A," = V3/16;i[cos^(x±iy)-sine exp (±i^)z.],' 
A° = -iV3/87tsin^[sin^x - cos^ y]. (2.14) 
The degree of polarization, coherency matrix and intensity of each line in a 
single crystal have been calculated in both the systems, namely; (Section 2.3.1) the 
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principal axis system (unrotated system) and (section 2.3.2) the crystal fixed axis 
system (rotated system or laboratory system). 
2.3,1 The Principal Axis System (Unrotated System) 
The transition amplitudes for all allowed eight lines are calculated 
according to the selection rule m = ±1,0. The results are given in the Table-2.1, 
where Cs are the Clebsch-Gordan Coefficients [23]. 
Table-2.1. Transition amplitudes in terms of Clebsch-Gordan Coefficients of 
each line. 
Line No. Transition C(-l)"' A~"^ 
2. 
4. 
8. 
' 2 ^ ' 2 ^ 
Kjv-i- 1, 
' 2^ ' 2 
' 2^ ' : 
i-iy-i^) 
4>'-4 
i-fy-i-f 
^1^1 ^ ^ ^2^1 
-Jj'=3Ar'-C4A,l 
f? C.A 0 7^1 
•Jy c^A,- 1 - r A 1 
Chapter- 37 
From Eqs. (2.13) and (2.14) the values of Ai*' and A°i are given by 
A*' = V3/167i[e9Cos^6cos^ -e^cosG^in^ ± iCgCOS^Gsin^  ± ie^cosB cos^ + e 
j'in^^cos^ ± iCgSin^Gsin^]. 
^ ^ 
V2.15) 
A," = -/V3/87tsin^[egCOS0cos^sin <j> -e^sin^^-Cj 5'in^cos^cos^ -e^cos^^^ . 
Now let us collect 0 and (j) dependent parts of the electric field E. This can 
be obtained just by taking the coefficients of Cg and e, in Eq. (2.15). Thus, 
E^ (A f ) = V3/16;r[cos ^  ± / sin <l>], 
E,(A?) = 0, 
and E^ (A f ) = -V3 I\6K cos^[sin ^ + /cos^]^ 
(2.16) 
E (A°) = /V3/8;rsin^. 
(2.17) 
Calculation of the coherency matrix (p), trace of the matrix and degree of 
polarization (P) for all eight line transitions in Ml radiation [24]. 
For the transition |+3/2> -> |+l/2): 
Using Eq. (2.16), 
E e = - ( c , A - ' ) - ^ ( c , A ; ) 
=-C, ^j—(cos ^ - / s in (/))-J-Cj J—-(cos <^ + /sin (/>) 
Chapter-ll 38 
Eo- \e7t 
(C, + J ^ C , ) cos ^ - /(C, - ^-C,) sin <j> 
1671 
[K,COS^ - iL,sin^], 
where K^ = C, + A~Cj, Z,, = C, - l - C j , 
Pii = ' E ^ - ^ / = ~V 16^^^ ' '^^^^ ~ '^' ^'"^^ ~ V16^ ^^' '^"^^ ^ '^' ^'" ^^ 
V " " ' V 
Pn =-—-[K'cosV + L ' s inV] , 
167r 
Using Eq. (2.17), 
E^ - C,A, J - C j A , 
= -c, I6;r 
cos^(sin^ + /cos^) • % c = ) 
16;r 
cos^(s in^- /cos^) 
£,. = J cos + iL,cos^], 
P2i= E^.E^* = J cos^[Ar, sin^ + /X, cos^] J COS^[A', sin^-ZL, cos^] 
P22 = cos^9[Kjsin^^ + L^,cosVj, 
I67T 
UsingEqs. (2.16, 2,17), 
Pi2 = E e . E * = ( - J - ^ ) [ A ' , C O S ^ - J X , sin^] ( J cos^)|/^, s i n^ - /X , cos^l 
Vl6;r V16;r 
/0|2 = cos0[(K[ - L^ , )cos^sin^ - iK,L,J 
Chapter-n 39 
and 
P2,=Eg.E^^(-J—~)[K,cos</> + iL,sm(^] U— cosd)[K, sin(f> + iL, cos<p] 
3 
Ai = 16;: 
Now using Eq.(2.10) 
A i PM 
Pl\ Pl2 
cos0[(Ki -L^,)cos</)sin</5+iKiL,J. 
P = 
3 [K^ cos^ (l) + L] sin^ (f)} cos^C^:' - l')cos<;5sin (j) - /X,!,] 
16;r ' ' 16;r 
256;r 
9 
cos6'[(^,^ ~L])coS(j)S\n(l)-¥iK^L^\ cos^/9[^,-sin''^ + Z,^  cos^ <zi] 
cos' d[{K^,L]){cos^ </J + sin' <!>)' - L ] K I 
cos'e[KlL\-K^L]\=^^. (2.18) 
256;r' 
Trace of the matrix = P11+P22 
3 [Kf(cosV + cos^esinV) + M(s«nV + cos'ecosV)], (2.19) 
167t 
and the degree of polarization, 
P= 1 i I ^ L = i. (2.20) 
V ( A 1 + P 2 2 ) 
Similarly, the coherency matrices, trace of the matrices and degrees of 
polarization have been calculated for all eight lines. The results arc given in Tablc-
2.2. The graphical representations are given in Figs. 2.3(a)-2.11(c). When, (a) the 
magnetic and the quadrupole interactions are equal, i.e. Hm = HQ, (b) the magnetic 
field is five times of the quadrupole interaction, i.e. Hm = 5HQ, (C) the quadrupole 
interaction is five times of the magnetic field, i.e. HQ = 5Hm. These combinations 
have been taken for computer calculations. 
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TabIe-2.2. Dct-coherency matrix, trace of the matrix, degree of polarization and ratio of intensities of 
each transition in PAS (unrotated system) when magnetic and quadrupole interactions both 
are present 
Line 
No. 
1. 
2. 
3. 
4, 
5. 
6. 
7. 
8. 
T rans i t i on det-cohcrency 
3 1 1+-)'-^ 1+-)' 
2 2 
,a..,-iv 
i*i>'-4>' 
lay^l-iy 
l-iy^,.i>' 
2 2 
1 1 
2 2 
2 2 
matrix 
0 
0 
0 
0 
0 
0 
0 
0 
Trace o f the matrix Dcfjrec o f 
( Intensi ty) po lar izat ion 
3 2 2 7 T [ K , (cos (j) + c o s " 0 s i n " (j)) 
\6n 1 
2 2 2 2 
+ L , (sin (() + cos G cos (ji)] 
' r^  2 . 2 „ 
— C ^ sin 0 1 
4 n "^  
1 ^ 2 . 2 o 
— C , sin (3 1 
47t 
3 2 2 2 2 [ K , (cos (|i + cos 0 sin (j)) 
1671 1 
2 2 2 '' 
+ L2 (s in ()> + cos G c o s ^ i i ) ) ] 
3 2 2 2 2 [ K , (cos (|) + cos 0 sin (Ji) 
1671 
2 2 2 ' ' ' 
+ L (sin ij) + cos 0 cos " o ) | 
- ^ C e ^ s in2 e 1 
47t 
1 9 9 
— Cy sin^ e 1 
47t 
3 2 2 2 2 
[ K , (cos (^  + cos 6 sin ^) 
167c 
2 2 2 2 ' 
+ L (s in <|) + cos Oos ^)\ 
Rat io o f 
in tens i t ies 
re lat ive to the 
V L ine 
1 
4 2 2 
- -C- , s i n ^ e 
3 ^ 
2 2 2 2 1 K . (cos 4) -1 cos G sin ^) 
2 2 2 2 
-> L , (sin if "^  cos 0 cos ^)\ 
4 2 2 
^ C j s in^ 0 
3 
2 2 2 2 1 K 1 (cos (]) ^ cos 0 sin (ji) 
2 2 2 2 
* 1.1 (sin it> ^ cos 0 cos ^)] 
2 7 2 2 | K , (cos" (f + cos Osin ^) 
2 1 2 2 
+ 1.2 ( s i n " $ + c o s 0 cos (ji)! 
2 2 2 2 1 K 1 (cos (j) + cos 0 sin ^) 
2 2 2 2 
+ L | (sin (ji + cos 0 cos (ji)] 
| K , ^ ( c o s ^ (ti + c o s ^ e s i n ^ if) 
2 2 2 2 
+ L , (sin (t) + cos Boos (j))] 
| K , ^ ( c o s - ^ (t) + c o s ^ O s i n ^ isf) 
2 ~> 9 9 
* L ] ( s in~ (|) 4 c o s " 0cos <j))] 
1 2 2 ' C, sin 0 
iw 4 2 . 2 " „ ' 2 , , 1 K . (cos (j) - cos 0 sin i j ) 
• 1 1 1 ^ 1 n ' <j • c 0 V " 11 CD \ " iti) 1 
• -1 ^ -, ' 
1 C , ' s i n " 0 
~ ~ 2 2 •> : | K . ((.(IS 0 * L i i ' . " ( K m ' ^ ) 
2 •> 2 2 
< L , (s in " (> - cdv" O i o s " 0)1 
f K 4 ^ ( c o s ^ ( j ) + c o s ^ 0 s i n 2 ( | ) ) 
9 9 J 1 
4 L 4 ' ' ( s i n (ji-i c o s " Ocos " (|))] 
[ K , ^ ( c o s ^ (t)-(cos^ O s i n ^ ())) 
+ L , ^ ( s i n ^ ( t n c o s ^ O c o s ^ ( t ) ) ] 
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where, 
•^1-^1+^ ^2'^2~73 ^3 ^ ^4'^3 "^5^73^6' ^4 ~ 73 ^7"^S 
h " ^ l ; ^ ^2'^2~73 ^3 ^ 4 ' ^ " S 73 S ' ^4 "73 ^7 ^8 
C, = V3 71 
[— + 3 
^2a 
/I b x2 'H 
3a 3 
,1/2 
1 3 b _,2 , 0 2 
Z a 
Co = 
2a 
+ 3. /I b . 2 'H 
3a 3 
1/2 
3 b 
2 a 
- 3 
^2a 3a 3 
1/2 
2 a 
1/2 
C3 = 
V3 Ti 
^ 2a 3a 3 
1/2 
[ - f + 3 ] 2 + 3 n 2 
2a 
1/2 ' 
C4 = 
- ^ + 3^  2a 3a 3 
1/2 
- ^ -
(-f.3 
2a 3a 3 
1/2 
-A.3P,3,2 
1/2 ' 
Chapter-! 42 
C5 = 
A_3 
2a (14)2+^' 
3a 3 
1/2 
2a 
2a 
[_^_3J(1 + A ) 2 + ^ 21 
3a' 3 
1/2 
4+3]2+3n2 
2a 
1/2 
^6 = 
V3 
^2a 3a 3 
1/2 
2a 
1/2 ' 
C,= 
-H^-iHr^\\-^ 
[ - ^ - 3 2a ''-s^^4l"^|-^'^-^^^ nl/2 ' 
G o - vs 
[-A_3, 
2a 3a 3 
1/2 1/2 ' 
+ l l _ 3 ] 2 + 3 ^ 2 
2 a 
e Qq Au 
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(a) I 
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Fig. 2.3. Illustration of tiie ratio of intensities (— = a --- 6A = cA = c/A = eA=f /, '/, /, '/, '/, '/, 
and l8/li=g) versus the angles 9 and (J) when magnetic and quadrupole interactions both 
are equal {W^= HQ): (a) (s? = 45°, T) = 0.3, 8 =0-360°; (b) (j) = 45°, rj = 0.8, 9 =0-360°; 
(c) (t) = 45°, r| = 1.0,9=0-360°. 
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(a ) 1 0 8 
( b ) | 
270 315 
Chapter-11 
46 
l-ig. 2.4. Illustration of the ratio of intensities versus the angles 0 and (j) when magnetic 
and quadrupole interactions both are equal (11^= Mn): (a) (j) = 90°, r\ = 0.3, 0 =0-360°; 
(b) (t) = 90°, n = 0.8, 0 =0-360°; (c) (f) = 90°, ii = 1.0, 0 =0-360°. 
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270 315 360 
( b ) | 
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Fig. 2.5. Illustration of the ratio of intensities versus llie angles 6 and if when magnetic 
and quadrupole interactions both are equal (Hm= HQ): (a) <j) = 360°, ri = 0.3, 0 =0-360°; 
(b) (j) = 360°, ri = 0.8, 6 =0-360°; (c) ^ = 360°, TI = 1.0, 9 =0-360°. 
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(a) ! 
(b) 
ro.. 
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(c) I 
Fig. 2.6. Illustration of the ratio of intensities versus the angles 0 and (j) when magnetic 
interaction is five times of the quadrupole interaction {H^= 5 H Q ) : (a) (j) = 45°, n = 0.3, 
e =0-360°; (b) (t) = 45°, n = 0.8, 9 =0-360°; (c) ^ = 45°, ii = 1.0, 6 =0-360°. 
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270 31S 350 
(b) 
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(c) I 
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\ 'l 
\ 
Fig. 2.7. llluslralion of the ratio of intensities versus the angles G and (j) when magnetic 
interaction is five times of the quadrupole interaction (H|-n= 5 H Q ) : (a) ^ = 90°, y\ = 0.3, 
0 =0-360°; (b) (() = 90°, r\ = 0.8, 0 =0-360°; (c) ^ = 90°. n = 1.0, G =0-360°. 
Chapter-ll -1 i 
i 0.8 
(a) ! 
K 0.6 
(b) ! 
225 270 US 160 
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(c) 
Fig. 2.8. Illustration of the ratio of intensities versus the angles 9 and ^ when magnetic 
interaction is five times of the quadrupole interaction {H^= 5HQ): (a) (j) = 360°, r\ = 0.3, 
e =0-360°; (b) (t) = 360°, ri = 0.8, 9 =0-360°; (c) if = 360°, ri = 1.0, 9 =0-360°. 
(a) 
(b) 
315 3G0 
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(c) I 
Fig. 2.9. Illustration of the ratio of intensities versus the angles 9 and if when quadrupoie 
interaction is five times of the magnetic interaction ( H Q = S H ^ ) : (a) (ft = 45°, n = 0.3, 
e =0-360°; (b) (j) = 45°, r| = 0.8, 6 =0-360°; (c) ^ = 45°, n = 1.0, 6 =0-360°. 
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(a) ! 
(b) 
Chapter-ll 58 
(c) 
Fig. 2.10. Illustration of the ratio of intensities versus the angles 9 and ()) when quadrupole 
interaction is five times of the magnetic interaction ( H Q = SH^^): (a) (j) = 90°, x] = 0.3, 
e =0-360°; (b) (J) = 90°, r| = 0.8, 9 =0-360°; (c) if = 90°, -q = 1.0, 9 =0-360°. 
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(a) I 
(b) I 
Chapter- 60 
(c) i £ 6 
I'ig. 2.1 1. lliuslralion of the ratio of intensities versus the angles G and (|) when quadrupole 
interaction is five times of the magnetic interaction ( H Q = 5Hpp): (a) (\) = 360°, rj = 0.3, 
G =0-360°; (b) ^ = 360°, r] = 0.8, 0 =0-360°; (c) ^ = 360°, r) = i .0, G =0-360°. 
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2.3.2. Transformation of Radiation Field Amplitudes from the PAS to the CFAS 
Since there is no a priori reason that the CFAS and the PAS should 
coincide with one another. Therefore, the transformation of observations from the 
PAS to the CFAS becomes essential. Such transformations have been carried out 
through rotation matrices [10], D(a, P, y), where a, P and y are Euler angles, as 
given in Fig. 2.2. 
(a) (b) (c) 
Fig.2.2. Representation of the direction of gamma-ray emission in the co-ordinate system, (a) The 
Euler angles a, P and y and their corresponding rotation which carry the (x, y, z) co-ordinate 
system into the (x', y', z') co-ordinate system, (b) Orthogonal co-ordinate system denoted as the 
crystal fixed axis system, (c) Principal axis system defined by the nuclear hyperfine interaction 
The rotation operator R (a,P,y) operating on spherical harmonics A/" (0,^) 
gives [6] 
RA;{0,</>)R-' = X b(a,p,r)Ar\0^,<p^) (2.21) 
m=-/ 
with [25] 
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D (a. P.Y) = exp [-im'a] exp [-imy] 
, s\{j-s-my.{j + m-s)\(m'-irs-m)\ (2.22) 
(-sinp/2) m'-m+2s 
The field amplitudes for the Ml radiation from Eq (2.21) are 
RA^i R - 1 = D 1 I 1 A^ +D 1 l , l A - h + D l o , i A ^ 
R A - 1 I R - I = D 1 I _ I A 1 I + D L I _ I A - 1 I + D 1 O _ I A O I , 
R A O I R - 1 = D 1 I ^ O A S + D L I , O A - S + 0 ^ 0 , 0 A^i, 
as given in the appendix A. 
^ (2.23) 
Thus, 
Ee[R(A,±l)R-^] = V3/16;r[fi±if2L 
> 
E0 [R(AiO)R-l] - i V3/8;rf5^ (2.24) 
E^[R(Ai±l)R-l]=-V3/16;r [^ + f4], 
and E<j)[R(AiO)R-l] ^iVsTs^fg^ 
"^  
(2.25) 
using the Hqs (2.16). (2.17) and (2.23), 
where 
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(l+cosy9) (cos <f> cos(a +;') + sin ^  sin(a + ;')) 
(1-cos/?)^ , , . . , . . ., 
+ ^-- (cos (f) cos(a - x) + sin <p sin(a - x)) > 
(2.26) 
(l+C0Sy9) (sin <l) cos(a + y)- cos ^  sin(o; + y)) 
( l - c o s y 9 ) X • J / NN 
+ ^-— (cos ^  sin(a - / ) - sm (p cos(a - ; ' ) ) 
• > . 
(2.27) 
f3 = 
(1 + cos/?) 
cos ^ (sin ^ cos(a + / ) - cos(f) sin(a + x)) 
H ~ cos^(sin ^ cos(Qr -y)- cos ^  sin(a -y)- (sin y9 sin ;K sin 0)) 
(2.28) 
f . = 
(l+C0Sy9) 
cos ^ (cos (f) cos(a + / ) + sin ^  sin(a +;') 
H cos ^ (cos (p cos(a -y)- sin ^  sin(a - x) + (sin P cos /sin ^)) 
y (2.29) 
fs = sin P sin(a-<|)) 
and ffi = [cosp - sinP cosG (a-<j))], 
(2.30) 
(2.31) 
as given in the appendix B. 
For the transition |+3/2) -> i+1/2): 
Using Eq (2.24), 
E,Ri-C^A-'-}\c^A^')R-'=-i-^ (Ci+J^C2)fi-i(C,-j^C2)f2 
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UTT 
K j f j - i L j f ^ 
Pn E 0 R ( - q A f l - ^ C 2 A / ) R U D - 1 E ; R ( - C ^ A f l - / I c 2 A / ) R - l 
11 UA 1 1 1 2 
Using Eq. (2.25), 
E^R(-CiAfl-jIc2A/)R-l 16^ (Ci+J^C2)f3+i(Cj-/lc2)f4 
^ ^ [ K . f 3 . i L . f . ] , 
P22 = E^R(-CjAfl-JIc2A/)R K o - 1 E;R(-C^Afl-JIc2A/)R-l 
22 I6;r KlV+Lj%2 
Using Eqs. (2.24, 2.25), 
Pl2 = E Q R ( - C j A f l - ^ C 2 A / ) R - l ^^^^-^i-^r'-^^^^i')^ K D - 1 
12 16 ;rL Kl^f3-hV4-'^lh(V4+V3> 
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and P21 E Q R ( - C J A ^ -•-Ic^A.bR-' K „ - l ^ R ( - C l A , ' - I 3 C 2 A ] )I^  
21 16 n 
^ l V 3 - L l V 4 ^'^1^1 (¥4 + ^ 2^ 3) 
Now using Eq. (2.10), 
11 
'1\ 
'12 
22 
\6n 
3 
K 2f 2 + L 2f^2 
16;r 
1 1 
2. 
1 2 ^x\h-h\U-'S'^X^WA^h'^^ 
Kj^fjf3-L^^f2f4 4-iK,L,(f,f^+f,f,) 
16;r 
3 
16;r 
K 2f 2 + L 2f 2 
•1 3 '1 4 
IPl-0, 
Trace of the matrix (intensity) = Pn + P22-
(2.32) 
Un 
•l,cl Kf(fj^+f|) + L^(f |+f2)] , (2.33) 
and the degree of polarization, 
P = 4|yO| 
( A I +P22) 
= 1 (2.34) 
Similarly, the coherency matrices, trace of the matrices (intensities) and 
degrees of polarization have been calculated for all 8 lines (transitions). The 
results are given in the Table-2.3. The graphical representations are given in Figs. 
2.12(a)-2.20(c). When, (a) the magnetic and the quadrupole interactions are equal, 
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i.e. Hm= HQ, (b) the magnetic interaction is five times of the quadrupolc 
interaction, i.e. Hn, = 5HQ, (C) quardrupole interaction is five times oi" magnetic 
interaction, i.e. HQ = SHm- These combinations have been taken for computer 
calculations. The symmetries of each line are calculated as shown in Tabic 2.4. 
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Table-2.3. Det-coherency matrix, trace of the matrix, degree of polarization and ratio of intensities of 
each transition in CFAS (rotated system) when magnetic and quadrupole interactions both 
are present. 
Line Transition det-coherency Trace of the matrix Degree of Ratio of 
Na matrix (Intensity) polarization intensities 
relative to the 
I" Line 
6. 
3 2 2 2 
3 1 — [ ' ^ 1 ( ^ 1 + ^ 3 ) 
!+-)•-> 1+-)' 0 '^ '^ 
2 2 , 2 , . 2 ^ 2 , , 
+ L j (f2 + f 4 )] 
2 2 , 2 , , 2 , 2 
1.. , 1 
3 „ , 2 , . 2 . 2 
-i-C 2 I 'S + 'ft 3 
^v . , _ l v « ± r . 2 r f 2 ^ f 2 i , [ K . ^ c f j Z + f jZ 
+ L , 2 ( f 2 2 + f^-^ )] 2 2 471 ^ 3 0 ^ , 2 , r _ 2 ^ , 2 
3. K^y->kiy 0 i c 3 V + f 6 ^ ] 1 [K ,2 ( f ,2 , f32) 
+ L , 2 ( f 2 2 + f 4 2 j j 
2 2 2 
^ (•< 2 ( f | ^ f3 ) 
1 1 [ K 2 ^ f i ^ + f 3 ^ ) ^ L 2 ' ( ^ 2 ' - ^ 4 ' )1 
4. I + T > ' - ^ | - - ) ' 0 '6^^ 1 [K ,2 ( f , 2 + f , 2 ) 1 ^ ' 1 •" ' 3 
+ 4 (f2 +^4 )] ^ i ^ i ^ r , ^ . r , S , 
K 3^ ( f , 2 + T B M 
2 , f _ 2 ^ r 2 [ K 3 " ( f , + f 3 " ) + L 3 M f 2 + ^ )] 
I67I , r i - 2 / r 2 , r 2 
- ) ' ^ l + - > ' 0 '0 '^ 1 (K ,2 ( f , 2 ^ f ^ 2 ) 
+ L3 ( f j + f 4 )] + L , 2 ( f ^ ^ W 4 2 )1 
| -T>'^|-T>' 0 J - C 6 2 [ f 2 + f 2 ] , ,j,^2(f^2 , f ^ 2 ) 
| _ l ) . ^ | + i ) - 0 2 ^ C 7 2 [ f 2 + f 2 j , lK,2(f ,2.f32r" 
2 2 4n 7 5 6 , ,^2, ,^2, ,^2„ 
3 l^^4^(r|^ - f3^) 
3 1 ; ^ t ^ 4 ('"1 +^3^) ^^,hh^-u-^\ 
I - - ) ' - > ! - - > ' 0 2 2 ' I K i ^ f . ^ . f j ^ ) 
+ L 4 ( f 2 + f 4 )] +L,2(f22 + f42), 
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124 210 
(b) ! 
Chapter-H 69 
(c) 
us IBO 22S 
AilQlt T h t u 
2?0 315 
Fig. 2.12. Illustration of the ratio of intensities versus the angles 9, if and Euler angles afi 
and y when magnetic and quadrupole interactions both are equal ( H Q = Hf„): (a) (j) = a = 
3 = y = 45°, T] = 0.3, e =0-360°; (b) (> = a = P = y = 45°, y] = 0.8, 9 =0-360°; (c) <{) = a = P 
= y = 45°,n= 1.0,0=0-360°. 
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n o 225 
Angl« Theta 
Chapter-H 
(c) I 
Fig. 2.13. Illustration of the ratio of intensities versus the angles 9, (() and Euler angles a,P 
and y when magnetic and quadrupole interactions both are equal (1 iQ= Hp,.,): (a) (J) = a = 
(3 = Y = 90°, -n = 0.3, e =0-360°; (b) (*> = a = p = y = 90°, n = 0.8, 0 =0-360°; (c) (}) = a = p 
= Y = 90°, ri= 1.0,9=0-360°. 
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(c) 
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Fig. 2.14. Illustration of the ratio of intensities versus the angles 0, 9 and Euler angles a,P 
and y when magnetic and quadrupole interactions both are equal ( H Q = Hp^): (a) <[) = a = 
P = Y = 360°, n = 0.3, 0 =0-360°; (b)(j) = a = p = Y = 360°, -q = 0.8, 0 =0-360°; (c) (j) = a 
= P = Y = 360°, r i = 1.0,0=0-360°. 
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Angk Th«ta 
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(c) I 
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Fig. 2.15. Illustration of the ratio of intensities versus the angles Q, ^  and Euler angles a, 
(3 and y when magnetic interaction is five times of quadrupole interaction 
(Hm= 5H( 
0.8, e =0-360°; (c)(t) = a = p = Y = 45°, TI - 1.0, G =0-360° 
.^- . . 1 Q ) : (a)(t) = a = p = y = 45°, n == 0.3, 0 =0-360°; (b) (j) = a = p = y = 45°, ri 
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Fig. 2.16. llluslration of the ratio of intensities versus the angles 9, (j) and Euler angles a, 
p and y when magnetic interaction is five times of quadrupole interaction 
(Hm= 5HQ): (a)(t) = a = p = Y = 90°, r\ = 0.3, 9 =0-360°; (b)(}) = a = p = y = 90°, n = 
0.8, 0 =0-360°; (c)(i) = a = p = Y = 90°, ri = 1.0, 0 =0-360°. 
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Fig. 2.17. Illustration of the ratio of intensities versus the angles 9, (j) and Euler angles a, 
P and y when magnetic interaction is five times of quadrupoic interaction 
(Hm= 5HQ): (a)(t) = a = p = Y = 360°, r] = 0.3, 6 =0-360°; (b)(j) = a = p = Y = 360°, T] = 
0.8, 9 =0-360°; (c)(t) = a = p = y = 360°, n = 1 -0, 0 =0-360°. 
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Fig. 2.18. Illustration of the ratio of intensities versus the angles 9, ({) and Euler angles a, 
P and Y when quadrupole interaction is five times of the magnetic interaction 
(HQ= SH^y. (a) (t) = a = p = Y = 45°, ^ = 0.3, 9 =0-360°; (b) (}> = a = p = Y = 45°, TI = 
0.8, 9 =0-360°; (c)(t) = a = p = Y = 45°, t] = 1.0, 9 =0-360°. 
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(c) I' 
Fig. 2.19. Illustration of the ratio of intensities versus the angles 6, ^ and Euler angles a, 
P and Y when quadrupole interaction is five times of the magnetic interaction 
(HQ= 5Hn,): (a)(t. = a = p = Y = 90°, TI = 0.3, 9 =0-360°; (b)(}) = a = p = 7 = 90°, r] = 
0.8, e =0-360°; (c)(j) = a = p = y = 90°, TI = 1.0, 9 =0-360°. 
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(c) 
Angle TheU 
Fig. 2.20. Illustration of the ratio of intensities versus the angles 0, <\) and Euler angles a, 
P and y when quadrupole interaction is five times of the magnetic interaction 
( H Q = 5Hm): (a)(t) = a = p = y = 360°, TI = 0.3, 9 =0-360°; (b)(t) = a = p = y = 360°, 
T] = 0.8, 0 =0-360°; (c)(t) = a = p = y = 360°, TI = 1.0, 0 =0-360°. 
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Table-2.4.Comparision of symmetries in each transition in PAS (unroated system) 
and CFAS (rotated system) 
Line No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Transition 
l.iy^Kiy 
|4>.^|-i>. 
2 2 
2 2 
2 2 
i-iy-^Kiy 
,-i>..,-iy 
2 2 
2 2 
2 2 
Symmetries in 
unrotated system 
e ^ -e , K+e, (t)-> -<t), n±^. 
0-> -0,71+9, independent of (j). 
0-> -0, TC+0, independent of (j). 
0-> -0, Tc±0, (j)-> -<|), n+f 
0-> -6, 71+0, (])-> -(j), 7t±(t). 
0-> -0,71+0, independent of (j). 
B-^ -0,71+0, independent of (|). 
0-^ -0, 7t+0, (j)^ -(j), 7t+(j). 
Symmetries in 
rotated system 
0-> 71+0, (j)-> 7t+(j), a ^ ' 7i+a, 
P-> -P and y-^ ^ i+y. 
O ^ ' 71+0, (j)-> 7i+((), a - > Tc+a, 
P—>7r+P and independent of y 
0-» 71+0, (j)—> Tc+(j), a-> 7:+a, 
P—>7r+P and independent of y 
0-> 71+0, (f)-> 7t+(j), a - ^ 7:+a, 
P^^-P and y ^ n+y. 
0-> 7I+G, (|)-> Ti+cj), a - > Ti+a, 
P—> -P and y—> n+y. 
0 ^ 7t+0, (j)-> 7i+(|), a ^ - 7t+a, 
P^'Ti+p and independent of y 
0-> 71+0, ^—> 7i+(|), a ^ 7i+a, 
P—>7H-p and independent of y 
0-> 71+0, (()-> 7i+(j), a - > 7r+a, 
P-^ -P and y-> 7i+y. 
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2.4 Result and Discussion 
The degrees of polarization, coherency matrices, intensities, ratio of 
intensities w.r.t. first line and symmetries of each line in a single crystal have been 
calculated in the systems namely; (section 2.4.1) unrotated system and (section 
2.4.2) rotated system. 
2.4.1 Unrotated System (the Principal Axis System) 
When magnetic and quadrupole interactions are simultaneously present 
then eight lines (transitions) are obtained. The degree of polarization is calculated 
separately and it is found unity for each line. The wave is said to be completely 
polarized and the components Ex and Ey of electric vector are mutually coherent 
and its phase is equal to the difference between the phases of the two components. 
The coherency matrix, degree of polarization, intensity and ratio of intensities are 
shown in Table 2.2. The intensities of lines 2, 3, 6 and 7 are found to depend upon 
the angle 9 and that of the lines 1, 4, 5 and 8 are found to depend upon the angles 
0 and (j). The symmetries of each line are calculated as shown in the Table 2.4. 
9 "J A ^ ff 7 Q 
(Assuming, Y^ = (3,-p = Z?,rp = c,Y^ = <i,-z^ = e,-^ = f and - ^ = g for all 
h h h h h h h 
Figs. 2.3(a)-2.20(c) where Ii, I2, .....Ig are the intensities of the lines, 1, 2, 
8, respectively). 
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2.4.1.1 When the Magnetic and the Quadrupole Interactions are Equal: 
(i) In Fig. 2.3(a)-(c), the graphs a, b, e and fare maximum at 100°, 280°, 
e>f>b> a, and minimum at 10°, 190°. The graphs c, d and g have 
opposite trends with respect to each other. The two fold symmetry is 
found in each case. 
(ii) In Fig. 2.4(a)-(c), the graphs a, b, d, e, f and g are maximum at 100°, 
280°, e>f>g>d>b>a, and minimum at 10° and 190°. The graph c has 
opposite trend with respect to other graphs. It has maxima at 100°, 280°. 
The symmetry of n is seen in each graph. 
(iii) In Fig. 2.5(a)-(c), the graphs a, b, c, e and fare maximum at 100°, 280°, 
e>f>c>b>a, and minimum at 10°, 190°. The graphs d and g have 
opposite trends with respect to other graphs. They have maxima at 10°, 
190° and minima 100°, 280°. 
2.4.1.2 When Magnetic Interaction is Five Times of Quadrupole Interaction: 
In Figs. 2.6-2.8, the trend of the graphs a-g is found to be the same as in 
Figs. 2.3-2.5, respectively. The graphs b, d and g show sharp rise whereas a and c 
fall off rapidly. The behaviours of c and d are entirely different from each other. 
2.4.1.3When the Quadrupole Interaction is Five Times of Magnetic 
Interaction 
In Figs. 2.9-2.11, the trend of the graphs a-g is found to be the same as in 
Figs. 2.3-2.5, respectively. The graphs a, c and f show sharp rise whereas the 
b and e show sharp fall. 
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2.4.2 Rotated System (Crystal Fixed Axis System) 
The transformation of calculations is carried out from the PAS to the 
CFAS. It is found that degree of polarization is unity for each line in this system 
also. The intensity depends upon the angles 0, <p and Euler angles a, /? and y. The 
determinant of the coherency matrix, trace of the matrix, degree of polarization 
and relative intensities have been calculated as shown in Table 2.3. The 
symmetries of each line have been determined in various parameters 0, <ff, a, /?and 
y. They are shown in Table 2.4. 
2.4.2.1 When the Magnetic and Quadrupole Interactions are Equal 
(i) In Fig. 2.12(a) - (c), the graphs a, b, e and fare maximum at 135°, 315°, 
e>f>b>a, and minimum at 45°, 225°. The graphs c and d «& g have 
opposite trends with respect to each other. The two fold symmetry is 
found in each case. 
(ii) In Fig. 2.13(a)-(c), the graphs a, b, e, f, d and g are maximum at 0°, 
180°, 360° e>f>g>d>b> a, and minimum at 90°, 270°. The graph c has 
opposite trend with respect to other graphs. It has maxima at 90°, 270° 
and minima at 0°, 180°, 360°. The symmetry of n is seen in each graph. 
The peak of the graphs are shifted by 45° in forward direction. 
(iii) In Fig. 2.14(a)-(c), the graphs a, b, c e and fare maximum at 90°, 270°, 
e>f>Ob> a, and minima at 0°, 180°, 360°. The graphs d and g have 
opposite trends with respect to other graphs. They have maxima at 0°, 
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180°, 360°, g>d, and minima at 90°, 270°. The rest of the behaviour is 
like that of case (ii). 
2.4.2.2When the Magnetic Interaction is Five Times of the Quadrupole 
Interaction 
In Figs. 2.15-2.17, the trend of the graphs a-g is found to be the same as in 
Figs. 2.12-2.14, respectively. The graphs b and g rise sharply whereas the a, c and 
f show sharp fall. The behaviour of the graphs c and d are again entirely different 
from each other. 
2.4.2.3 When the Quadrupole Interaction is Five Times of the Magnetic 
Interaction 
In Figs. 2.18-2.20, the trend of the graphs a-g is found to be the same as in 
Figs. 2.12-2.14, respectively. The graphs c and f show sharp rise whereas the 
graph b shows sharp fall. 
By looking at all the graphs it turns out that the relative intensities is very 
strong functions of various parameters viz., rj, 9 and (p in the case of unrotated 
system and r], 6, ^, a, /? and / in the case of rotated system. It is seen that the 
relative intensities becomes most sensitive when the magnetic interaction is 
greater than quadrupole interaction. It is also found that the ratio of intensities 
becomes more sensitive when the asymmetry parameter (r|) approaches unity. 
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2.5 Conclusion 
An inspection of the calculation and graphs reveals that the degree of 
polarization remains unity, i.e., the electromagnetic radiation remains plane 
polarized in unrotated and rotated systems. But the relative intensities show 
strange behaviour with various crystal parameters, viz., r|,0,(j),a,P and y when 
H =H^, H =5H^ and H =5H are in unrotated and rotated systems. It is also seen 
that the relative intensities becomes more sensitive when the electric field gradient 
is highly asymmetric. This sharp change in relative intensities leads to accurate 
measurement of the parameters which are involved in these interactions. Certain 
symmetries have been found in both the cases, namely unrotated and rotated 
systems for each line. 
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CHAPTER-III 
The Angular and Polarization Distributions of the 
Mossbauer Radiation |7/2^> -^ |5/2^>* 
3.1. Introduction 
In the nuclear transition |7/2> -> |5/2> of '^'EU eighteen lines are obtained 
when the nucleus interacts with the mixture of magnetic as well as electric fields 
[1], assuming asymmetry parameter (T]) zero. The coherency matrix [2], the 
intensity and the degree of polarization [2] have been calculated for each line 
using the multipole radiation-field theory [3] and density-matrix approach [4,5]. 
Extensive use of D-matrix [6] has been made to transform the results from the 
principal axis system (PAS) to the crystal fixed axis system (CFAS). 
It is observed that the rotation matrices retain complete information over 
the change of angular and magnetic quantum numbers. Certain symmetries are 
also found in the intensities of lines. These observations are very much useful for 
the angular and polarization measurements. 
3.2. Theory 
The theory given in chapter II has been used in this chapter. 
Let us consider the case of '^'EU whose ground and first excited states spins 
are |+5/2> and |+7/2>, respectively. When the nucleus decays from the first excited 
state to the ground state, the Mossbauer radiation Ml is obtained as shown in 
Fig.3.1. 
We have published this work in the Journal: Physical Society of Japan Vol.69, No.7 (2000) 2305-2314. 
Please see the reprint at the end of thesis. 
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(a) 
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^ 111 n 
* * / 3 B 
• 1 / J B 
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IT-— - V " 
1 - a/2 R 
1 - 5/2 R 
1 _ 7/J B 
Eigcn states 
7 / 2 > -
5 / 2 > -
3 / 2 > -
l / 2 > -
l / 2 > -
3 / 2 > -
5 / 2 7 -
7 / 2 > -
Eigen values 
(b) 
• 5/2>-
• 3/2>-
• l / 2 > . 
- l / 2 > . 
- 3 /2 ) -
- 5 /2>-
21 R, 
-9Ri 
-15R, 
-15Rj 
-9R, 
3 R, 
21R, 
10 R-
•^ 1 
• 7/2 
• 5/2 
• 3/2 
• 1/2 
- 1/2 
- 3/2 
- 5/2 
- 7/2 
10 
• 5/2 Rij 
• 3/2 1*2 
• 1/2 K-
- 1/2 9. 
- 3/2 R, 
- 5/2 * , 
Fig.3.1. (a) Energy level diagram of Mossbaucr nucleus ' " E U placed in a crystal in the presence 
of magnetic field, where R = -gUNH and R'= -g'|iNH. (b) Energy level diagram of 
Mossbauer nucleus ' " E U placed in a crystal in the presence of both magnetic as well 
as electric fields, where R,= e^qQ/4I(2I-l), Rj = -giMN H, R', = e^qQ/4I(2I-l) and R'j 
= -g'iHNH. 
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3.3 Polarization and Angular Distribution of the Ml Radiation Available 
from ^^ *Eu Nucleus when Placed in a Single Crystal 
The Mossbauer-radiation measurements of angular and polarization 
distribution of a particular energy should give hyperfine field parameters. The 
polarization of the electromagnetic radiation can be calculated by two methods. 
Stocks method and density matrix formalism as discussed in chapter-II. 
The degree of polarization, coherency matrix and intensity of each line in a 
single crystal have been calculated in both the systems, namely; (section 3.3.1) the 
principal axis system (unrotated system) and (section 3.3.2) the crystal fixed axis 
system (rotated system or laboratory system). 
3.3,1 The Principal Axis System (Unrotated System) 
The transition amplitudes for all allowed eighteen lines are calculated 
according to the selection rule m = ±1,0. The results are given in the Table-3.1, 
where Cs are the Clebsch-Gordan Coefficients [7]. 
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Table 3.1. Transition Amplitudes in terms of Clebsch-Gordan Coefficients of 
each Transition 
Line No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
IJ. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Transition 
i+5/2>' -^ |+7/2>' 
|-5/2>' -^ 1-7/2)' 
1+5/2)' -> 1+5/2)' 
1-5/2)' ^ 1-5/2)' 
1+5/2)' -^ 1+3/2)' 
1-5/2)' -> 1-3/2)' 
1+3/2)' -^ 1+5/2)' 
1-3/2)' -^ 1-5/2)' 
+3/2)' ^ 1+3/2)' 
1-3/2)' ^ 1-3/2)' 
+3/2)'^(+1/2)' 
-3/2)'^1+1/2)' 
+ 1/2)'^1+3/2)' 
-1/2)' -> 1-3/2)' 
+ 1/2)'-> 1+1/2)' 
-1/2)' -^ 1-1/2)' 
+ 1/2)' ^ 1-1/2)' 
-1/2)' -^ 1+1/2)' 
m 
1 
-1 
0 
0 
-1 
1 
1 
-1 
0 
0 
-I 
1 
1 
-1 
0 
0 
-1 
+l ' 
c 
1 
1 
(2/7)"^ 
(2/7)"^ 
(1/21)'^ 
(1/21)"^ ^ 
(5/7)"^ 
(5/7)"^ 
(10/21)"^ 
(10/21)"-
(1/7)"^ 
(1/7)"^ 
(10/21)'^ 
(10/21)"^ 
(4/7)"^ 
(4/7)"^ 
(2/7)"^ 
(2/7)"^ 
C(-ir A;'" 
-A;' 
-A\ 
(2/7)"^ A\ 
(Wy^ A° 
-i\/2\y^ A\ 
-(1/21)"^ A;' 
(5/7)"^ A ; ' 
-isny^ Al 
-(10/21)"^ A° 
(10/21)"^ A° 
-iiny^ Al 
-(1/7)"^ A ; ' 
-(10/21)"^ A-' 
-<10/21)"^ A\ 
(4/7)"^ A", 
(4/7)"^ /i," 
(2/7)"^ A\ 
(2/7)"^ /I,-' 
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Calculation of the coherency matrix (p), trace of the matrix and degree of 
polarization (P) for all eighteen lines (transitions) in '^'EU [8, 9]. 
Pii =(p 'u+PH+priX "^  
Pi2 =(Pn+P'2+pr2)' 
P21 = ( P ' 2 1 + P 2 1 + P I I ) > 
P22 =(P'22+P22+P22) ' 
(3.1) 
For the transition |+5/2) -^ |+7/2): 
Using Eqs. (2.16,2.17), 
pl,=E,(-A;')E;i-A;') 
= + V3/16/r(cos(j)-i sin(t))V3/16;r(cos(j) + i sine})) 
p'li = 3/16n, 
P[,=E,{-A;')E;(-A;') 
= + V3/16;r(cos(t)-i sin(|)) (-A/3/16;rcos9) (sincj) - i cos(j)) 
p'i2 = i3/167c COS0, 
p',,=El(-A;')E^i-A;') 
= + V3 /16;r (coscj) +i sin(j))(- V3 /16;r cosG) (sin(j) + i cos(j)) 
p'21 = - 1 3 / 1 6 7 1 COS0, 
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and 
P',,=E^{-A;')E;(-A;') 
+ V3/16;7cos9 (sm(|) + i cos(|)) (73/16^cos^G) (sine}) - i cos(})) 
p'22 = 13/1671 cos 0. 
The transitions (+5/2) -> |-7/2> and |-5/2> -> |+7/2) are not allowed so z?" and p" 
will be zero. Using Eqs. (2.10, 3.1), 
P = 
Pu Pn 
Pi\ P22 
2>l\67r /3/16;rcos^ 
-?3/16;rcos^ 3/16;rcos^^ 
IPi = 0, 
trace of the matrix = P11+P22 
= 3/16u (l+cos^0), 
and the degree of polarization 
P = V l - 4 | / ? | / ( A > + P 2 2 ) ' ) = l 
(3.2) 
(3.3) 
(3.4) 
Similarly, the coherency matrices, trace of the matrices and degrees of 
polarization have been calculated for all 18 lines (transitions). The results are 
given in Table 3.2. The graphical representations are given Figs. (3.2, 3.3). 
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Table 3.2. Det-coherency matrix, degree of polarization and ratio of intensities of 
each transition in PAS (unrotated system) when magnetic and 
quadrupole interactions both are present. 
Line 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
n. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Transition 
1+5/2)' -^ 1+7/2)' 
1-5/2)' -^ 1-7/2)' 
1+5/2)' -^ 1+5/2)' 
1-5/2)' -> 1-5/2)' 
1+5/2)' ^  1+3/2)' 
1-5/2)' -^ 1-3/2)' 
1+3/2)' -> 1+5/2)' 
1-3/2)' ^  1-5/2)' 
1+3/2)' -> 1+3/2)' 
1-3/2)' -y 1-3/2)' 
1+3/2)' -> 1+1/2)' 
1-3/2)' ^  1-1/2)' 
1+1/2)' -^ 1+3/2)' 
1-1/2)' -^ 1-3/2)' 
1+1/2)' ^  1+1/2)' 
1-1/2)' ^ 1-1/2)' 
1+1/2)' -> 1-1/2)' 
1-1/2)' -> 1+1/2)' 
Det-
coherency 
matrix 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Trace of matrix Degree of Ratio of intensities 
(Intensity) polarization relative to the T' 
Line 
3/167t(l+cos^e) 
3/1671 (l+cos^G) 
3/287t sin^e 
3/287t sin^e 
l/1127i(l+cos^e) 
1/11271(1+008^9) 
15/1127t(l+cos^e) 
15/1127t(l+cos^e) 
5/287tsin^e) 
5/287tsin^G) 
3/]127t(l+cos^0) 
3/1127t(l+cos^e) 
5/5671 (1+cos^ 6) 
5/5671 (l+cos^0) 
3/14jtsin'e 
3/147tsin^e ] 
3/567t(l+cos^e) 1 
3/567t(l+cos^e) 1 
1 1 
1 1 
1 4/7 sin^e/(l+005^6) 
1 4/7sin^0/(l+cos^e) 
1 1/21 
1/21 
5/7 
5/7 
20/21 sin^G/(l+cos^0) 
20/21 sin^0/(l+cos^0) 
1/7 
1/7 
10/21 
10/21 
8/7 sin^ 0/(1 +cos^0) 
8/7 sin^ 0/(1 +cos^0) 
2/7 
2/7 
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Fig. 3.2. Illustration of the ratio of intensities I o/li, I5/I1, I7/I1, U\/h, 'n/li , and I17/I1 v/s 
the angles 9. 
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Fig. 3.3. Illustration of the ratio of intensities I 3/I1, I9/I1 and I15/I1 v/s angle 9 with the 
graphs: A: I3/I1, 9 = 0-360°; B: I9/I1, 9 = 0-360°; C: I15/I1, 9 = 0-360°. 
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3.3.2. Transformation of Radiation Field Amplitudes from the PAS to the CFAS 
The detail of theory is given in chapter-II. 
For the transition |+5/2> -^ |+7/2) 
Using Eqs. (2.23-2.31), 
p'll =EQ[R(-A-bR"hE*[R(-A-l)R-l] 
- 3/167t[fj^+f|], 
p;2 = Eg[R(-A-^ )R-1 ]E* [R(-Aj-1 )R-^ ] 
p;2 = -3/167i[(fjf3 -f2f4)-i(f2f3 +fif4)], 
p'2j =-3/167i[(fjf3 -f2f4) + i(f2f3 +fif4)], 
and p^2 =E^[R(-Af^)R-l]E* [R(-A-1)R-1] 
p^2=3/167t[f |+f2]. 
The transition |+5/2) -^ |-7/2) and |-5/2) -^ |+7/2> are not allowed so p'and p" 
will be zero. Using Eqs. (2.10, 3.1), 
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P = 
Pu Pn 
Pi\ P22 
3/167i[f2 + f | ] 
-3/167r[fjf3-f2f4) + z(f2f3+fif4)] 
•3/167i[fjf3-f2f4)-i(f2f3+fjf4)] 
3/164f|+f2)] 
\9\ = 0, (3.5) 
trace of the matrix = Pu + P22 
= 3/167tTi, (3.6) 
where 
T =f^ +f^ +f^ +f^ 
and the degree of polarization is given by Eq. (2.12), 
P = ^ 4 | p | ( p j j + P 2 2 ) ^ = l . (3.7) 
Similarly, the coherency matrices, trace of the matrices (intensities) and 
degrees of polarization have been calculated for all 18 lines. The results are given 
in Table 3.3. The graphical representations are given Figs. (3.4-3.6). 
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Table 3.3. Det-coherency matrix, degree of polarization, trace of the matrix 
and ratio of intensity of each transition in CFAS (rotated system) 
when magnetic and quadrupole interactions both are present 
Line 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Transition 
1+5/2)' -^ 1+7/2)' 
1-5/2)' -> 1-7/2)' 
1+5/2)' -^ 1+5/2)' 
1-5/2)' ^ 1-5/2)' 
1+5/2)' -^ 1+3/2)' 
1-5/2)' ^ 1-3/2)' 
1+3/2)' ^ 1+5/2)' 
1-3/2)' -> 1-5/2)' 
1+3/2)' -> 1+3/2)' 
1-3/2)' ^ (-3/2)' 
1+3/2)' -^ 1+1/2)' 
1-3/2)' -> 1-1/2)' 
1+1/2)' ^ 1+3/2)' 
1-1/2)' -^ 1-3/2)' 
1+1/2)' -^1+1/2)' 
1-1/2)' -^ 1-1/2)' 
1+1/2)' ^ 1-1/2)' 
1-1/2)' ^ 1+1/2)' 
T, 
Det-
coherency 
matrix 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
=[-/;.)+y;2) 
Trace of Degree of 
matrix polarization 
(Intensity) 
3/1671 Ti 1 
3/167tT, 1 
3/28nT2 1 
3/287t Tz 1 
1/11271T, 1 
1/11271 Ti 1 
15/11271 Ti 1 
15/1127: Ti 1 
5/2871T2 1 
5/2871T2 1 
3/11271T, 1 
3/11271T, 1 
5/5671 Ti 1 
5/5671T, 1 
3/1471T2 1 
3/147t T2 1 
3/5671T, 1 
3/5671T, 1 
+ /(3)+/(4)] and T^ =[f^l^ 
Ratio of intensities 
relative to the 1" Line 
1 
1 
4T2/7T, 
4T2/7T, 
1/21 
1/21 
5/7 
5/7 
2OT2/2IT1 
2OT2/2IT, 
1/7 
1/7 
10/21 
10/21 
8T2/7T, 
8T2/7T, 
2/7 
2/7 
+ /(6)] 
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Fig. 3.4. (a) Illustration of the ratio of intensities IVli v/s the angles 9, (j) and Euler angles 
a, P and y with the graphs: a:(J) = a = p = Y = 0°, 9 = 0-360°; b: a = p = y = 9 =0, 
(}) = 0-360°; c;p = y = 0 = (t) = 0°,a = 0-360°; d:y = 9 = (t) = a - 0 ° , p = 0-360°; e: 9 = <[) = 
0^  == P = 0°, y = 0-360°. (b) Illustration of the ratio of intensities I3/I1 v/s the angles 9, (j) 
and Euler angles a, p and y with the graphs: a:(}) = a = p = y = 30°, 9 = 0-360°; b: a = p 
= y = e = 30°, 4, = 0-360°; c : p - y = 9 = (l) = 30°, a = 0-360°; d:y = 0 = <t) = a = 30°, p = 
0-360°; e:9-(t) = a = p = 30°, y = 0-360°. 
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Fig. 3.4. (c) Illustration of the ratio of intensities I3/I1 v/s the angles 8, ^ and Euler angles 
a, P and y with the graphs: a:(|) = a = p = Y = 45°, 8 = 0-368°; b : a = p = Y = e = 45°, 
(|) = 0-360°; c:p = y = 8 = (j) = 45°, a = 0-360°; d:y = e = (j) = a = 45°, p = 0-360°; e: 8 = 
(]) = a = p = 45°, Y = 0-360°. (d) Illustration of the ratio of intensities I3/I1 v/s the angles 8, 
<t) and Euler angles a, p and y with the graphs: a:(|) = a = p = y = 90°, 8 = 0-360°; b: a = 
p = y = e = 90°, (}) = 0-360°; c:p = y = 8 = (j) = 90°, a = 0-360°; d:y = 8 = ( |)-a = 90°, 
p = 0-360°; e:8 = (j) = a = p = 90,y = 0-360°. 
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Fig. 3.5. (a) Illustration of the ratio of intensities I9/I1 v/s the angles 8, (j) and Euler angles 
a, p and y with the graphs: a: <[) = a = p = y = 0°, 9 = 0-360°; b: a = p = y = 8 =0, 
(() = 0-360°; c:p = y = 0 = (j) = O°,a = 0-360°; d:Y = e = <t) = a = 0°, p = 0-360°; e: 8 = (}> = 
a = p = 0°, y = 0-360°. (b) Illustration of the ratio of intensities Ig/l, v/s the angles 0, ({) 
and Euler angles a, p and y with the graphs: a:(j) = a = p = y = 30°, 6 = 0-360°; b: a = P 
= y = e = 30°, (t) = 0-360°; c:p = y = 0 = (t) = 30°, a = 0-360°; d:y = e = (t) = a = 30°, 
P = 0-360°; e:e = (() = a = p = 30°, y = 0-360°. 
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Fig. 3.5. (c) Illustration of the ratio of intensities I9/I1 v/s the angles 6, ^ and Euler angles 
a, P and y with the graphs: a:(t) = a = P = Y = 45°, 6 = 0-360°; b : a = P = y = e = 45°, 
(j) = 0-360°; c :p = Y = e = (j) = 45°, a = 0-360°; d:Y = e = (t) = a = 45°, p = 0-360°; e: 9 . -
(j) = a = p = 45°, y = 0-360°. (d) Illustration of the ratio of intensities I9/I1 v/s the angles 0, 
(j) and Euler angles a, P and y with the graphs: a:(j> = a = p = y = 90°, 0 = 0-360°; b: a = 
p = y = 9 = 90°, (}> = 0-360°; c :p = y = 0 = (t) = 90°, a = 0-360°; d:y = 9 = (t) = a = 90°, 
P = 0-360°; e:e = (|) = a = P = 90,y = 0-360°. 
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Fig. 3.6. (a) Illustration of the ratio of intensities iis/ii v/s the angles 0, (j) and Eulcr 
angles a, p and y with the graphs: a:(}) = a = p = y = 0°, 0 = 0-360°; b: a = P = y = 0 =0°. 
(t) = 0-360°; c :p = y = e = (J) = 0 ° ,a = 0-360°; d:y = 0 = (}) = a = 0°, P = 0-360°; c; 0 = cj) = 
a = p = 0°, y = 0-360°. (b) Illustration of the ratio of intensities I15/I1 v/s the angles 0, ({) 
and Euler angles a, P and y with the graphs: a:(j) = a = p = y = 30°, 6 = 0-360°; b: a = P 
= y = 0 = 30°, (j) = 0-360°; c :p = y = e = (t) = 30°, a = 0-360°; d:y = e = (t) = a = 30°, p = 
0-360°; e:G = (t) = a = p = 30°, y = 0-360°. 
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Fig. 3.6. (c) Illustration of the ratio of intensities I15/I1 v/s the angles 0, (j) and Euler angles 
a, p and y with the graphs: a:(|) = a = p = Y = 45°, 9 = 0-360°; b :a = p = Y = 0 = 45°, ^ = 
0-360°; c:p = Y = e = (t) = 45°, a = 0-360°; d:7 = e = <t) = a = 45°, p = 0-360°; e: 6 = (j) = 
a = P = 45°, Y = 0-360°. (d) Illustration of the ratio of intensities I15/I1 v/s the angles 9, (j) 
and Euler angles a, p and y with the graphs: a:(|) = a = p = Y = 90°, 9 = 0-360°; b: a = p 
- 7 = 8 = 90°, (J) = 0-360°; C:P = Y = 0 = (}) = 90°, a = 0-360°; d:Y = 9 = (t) = a = 90°, p = 
0-360°; e:0 = (l) = a = p = 90,y = 0-360°. 
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3.4 Result 
A Mossbauer transition occurs between two nuclear levels and each of 
which may have a nuclear magnetic and quadrupole moments and thus the ground 
and excited states levels may show hyperfine field splittings. Basically, the law of 
conservation of angular momentum and that of parity leads to the formulation of 
definite selection rules which characterize the transition between two states and 
these ensure that there is a high probability transition in which change in the z-
quantum numbers If-I, - m, which is 0 or ±1. The energy level schemes and the 
observable spectrum for I = 7/2 —>• I = 5/2, the transitions are presented. If 
magnetic hyperfine interaction and nuclear quadrupole interaction both are 
simultaneously present we get 18 allowed transitions. 
3.4.1 The Degree of Polarization and Intensities in the Principal Axis System 
The degree of polarization for all 18 lines is calculated by using Eq. (2.12). 
It is found that the degree of polarization is unity for each transition radiation. The 
wave is said to be completely polarized and the components E^  and Ey of electric 
vector E are mutually coherent and its phase is equal to the difference between the 
phases of the two components. The coherency matrix and degree of polarization 
for the case of magnetic and quadrupole interactions are shown in Table 3.2. 
When Am = 0, the transitions (± 5/2) -^ |± 5/2), |± 3/2) -^ \± 3/2) and |± 1/2) -> |± 
1/2) have a radiation pattern proportional to sin^ G and for Am = ±1, the transitions 
|± 5/2) -^ |± 7/2), |± 5/2) ^ |± 3/2), |+ 3/2) -^ |± 5/2), |± 3/2) -> |± 1/2), |± 1/2) -> 
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\± 3/2) and |± 1/2) -> |+ 1/2) have a radiation pattern proportional to (1+cos 9), in 
each case. 
Tlie intensities are found to depend upon the angle 0 but independent of 
angle (}). The ratio of intensities of the lines 1, 2, 3, 4... 18 relative to the first line 
have been calculated. The ratio of the lines 1, 2, 5, 6, 7, 8, 11, 12, 13, 14, 17 and 
18 are constant whereas that of the lines 3, 4, 9, 10, 15 and 16 are dependent on 0. 
The determinant of coherency matrix, trace of the matrix and ratio of intensities 
are shown for the mixture of magnetic and quadrupole interactions. 
3.4.2 The Degree of Polarization and Intensity in the Crystal Fixed Axis 
System 
Now, the transformation of calculations is carried out from the PAS to the 
CFAS. It is found that the degree of polarization is unity for each line. The trace of 
matrices depends upon the angle 0, (j), a, (3, and y. The rotation is made from x, y, 
z to z', y', z' and certain symmetries have been found in the intensities for 0 —> ±0 
and 0 -> K ±0 replacement. 
It is also found that the ratio of intensities of the lines 3, 4, 9, 10, 15 and 16 
are dependent of angle 0, <)), a, P, and y. Whereas the ratio of intensities of the 
lines 1, 2, 5, 6, 7, 8, 11, 12, 13, 14, 17 and 18 are found to be constant. It means 
that these ratio of intensities are isotropic. The determinant of the coherency 
matrix, trace of the matrix, degree of polarization and ratio of intensities are 
shown for the mixture of magnetic and quadrupole interactions. 
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3.5 Conclusion 
An inspection of calculations and graphs reveals that the determinant of 
coherency matrix, degree of polarization and intensity of each line for an arbitrary 
direction of propagation are zero, unity and non-zero, respectively. The 
determinant of coherency matrix and degree of polarization are isotropic whereas 
the intensity is anisotropic. The degeneracy of the energy states is completely 
lifted. The relative intensities show strange behaviour with various crystal 
parameters, viz., 0, (j), a, P and y in unrotated and rotated systems. The change in 
relative intensities lead to accurate measurement of the parameters which are there 
involved in these interactions. It is also found that certain symmetries are in both 
the cases namely unrotated and rotated systems. 
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CHAPTER-IV 
Instrumentation 
4.1 Introduction 
The Mossbauer experiments are performed by two methods [1-4], 
scattering and transmission geometries. 
In scattering experiments, the detector observes only the scatterer not the 
source and thus it detects the scattered gamma-rays as well as conversion electrons 
or the following X-rays. In this geometry the background arises due to the 
scattering of higher-energy gamma-rays, when they are present and non-resonanl 
elastic scattering of the resonant radiation scattering experiments are important in 
some areas of research such as surface analysis, very thick absorbers and low-f-
factor samples etc, yet they have not been used in the studies of hyperfme 
interactions and principal axes determination in single crystals. In a well designed 
scattering experiment the signal to noise ratio may be much larger than in a 
transmission experiment and the counting rates are much smaller relatively. Thus, 
they require high source intensity and careful attention to geometry and shielding 
in order to minimize background scattering. 
In transmission experiments the Mossbauer spectra are taken by 
transmitting gamma-rays through an absorber. The counting rate consists not only 
of the resonantly absorbed gamma-rays, but also of the background due to other 
radiations like higher energy gamma-rays and non-resonant absorption of these 
Chapter-IV n6 
rays such as photoelectric absorption etc. The true counting rate is being affected 
due to the background and the measurement or estimate of this is one of the 
problems in both transmission and scattering experiments. In these experiments an 
important quantity is defined as M = (Na - No)/Na - Nb) where Na is the counting 
rate in the absence of the resonant absorption (when either the source or absorber 
is in motion), No is the counting rate in the presence of resonant absorption (when 
both the source and absorber are at rest), and Nb is the background. M is a ratio, 
not depending on experimental parameters such as on source intensity and 
geometry like in scattering experiments [5]. 
4.2 Mossbauer Instrumentation 
The Mossbauer instrumentation involves (i) Source (ii) Absorber (iii) 
Detector (iv) The counting technique (MCA). 
4.2.1 Source 
The source is the system which emits y-radiation, a fraction of it in recoil 
free process. The sources are radioactive isotopes with practical half lives, which 
by radioactive decay populate the excited state of a Mossbauer line, as shown in 
Fig. 4.1. The Mossbauer line has been populated by a gamma cascade neutron 
capture, and also by Coulomb excitation of the nucleus [6-10]. 
In the first, separated Co is used with a half-life of 270 days, which can be 
prepared by the (d, p) reaction on ^ Fe.The carrier free isotope is plated, usually by 
electro chemical deposition, on a base such as a metal or an alloy. The isotope is 
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then diffused into the base by heating (~ 700°C) in an inert, or better, in a reducing 
atmosphere such as a hydrogen current. 
57, Co 270days 
5/2-
3/2-
1/2 
Complex-
136.5KeV 
9% 
14.4 KeV 
SOURCE 
0.180/i,,.,^--— y 
y/^ Electron Capture 
> ^ 9 . 8 % 
.yfC.R7n<: 
91% 
97.8 ns 
" — " ^ r=4.7xlO'eV ABSORBER 
57 Fe 
Fig.4.1. Decay scheme of Goto Fe 
The ideal base will give a large recoil-free effect and a line width a little 
more than the natural line width. This means that it is necessary to minimize the 
hyperfme interactions at the diffused nuclei. Thus, the supporting material cannot 
be ferromagnetic (or paramagnetic with a slow relaxation time) in order to avoid 
magnetic splitting of the nuclear states. The sites where the ^^ Co atoms are located 
must approach as far as possible to cubic symmetry in order to avoid field 
gradients which will lead to quadrupole splitting of the line. It is not always 
possible to find a material which fiilfiUs these conditions. 
In the second method coulomb excitation is produced by the l.S^iA beam 
from a 3 MeV alpha-particle Van de Graaff accelerator. The target and absorber 
are 1.9 mg/cm of 91 percent enriched Fe. The recoilless emission is observed 
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following coulomb excitation of the 137 KeV level. The 14.4 KeV y-ray is 
detected in coincidence with the 122 KeV y-ray in order to reduce the back ground 
of X-rays and bremsstrahlung. An important difference between the two methods 
can arise from the fact that in coulomb excitation we are observing the Mossbauer 
effect under the intense radiation of the incoming beam. 
A Mossbauer resonance depends on numerous factors as: 
(i) The energy of the y-ray must be ideally between 10 and 100 KeV. This 
is because y-rays with energies less than 10 KeV are very strongly 
absorbed in solid matter, and for those above 100 KeV the recoil-free 
fraction which is proportional to exp (-Ey) falls off rapidly. 
(ii) The half-life of the excited state (tin) should preferably be between 
about 1 and 100 ns. 
(iii) The internal conversion coefficient a must be small so that the y-
transition has a high probability of producing a y-photon rather than a 
conversion electron. This will also increase the absorption cross-section 
(iv) The absorption cross-section (a©) should be large and the free atom 
recoil energy (ER) should be small, 
(v) The source should generate y-rays with an energy profile approaching 
the natural Heisenberg line width and should not be subject to any 
appreciable line broadening. 
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(vi) The effective Debye-temperature of the source matrix should be high so 
that the recoil free fraction is substantial. High melting metals and 
refractory materials such as oxides are the obvious choices [11]. 
(vii) The ground-state isotope should ideally be stable have a high natural 
abundance. 
4.2.2 Absorber 
The thickness optimization and sample mounting are the main 
considerations in absorber preparation [12-13]. The optimum absorber thickness is 
a function of (a) the atomic absorptions (b) the number of Mossbauer nuclei per 
unit area and (c) the production of scattered radiation in the absorber. The 
attenuation of the gamma radiation by the absorber can be expressed by 
l/lo=e-^« = e-^ P^^ ('"') (4.1) 
Where i^/p is the mass absorption coefficient in cm /g and Px is the sample 
thickness in g/cm . The Mossbauer resonance effect magnitude can be calculated 
from 
e = fo(l-e"'^'^Jo(iT/2)) (4.2) 
where T = fj, fa, OQ, a and n are the source and absorber f-factors, OQ is the resonant 
cross section, a is the abundance of the Mossbauer isotope, and n is the number of 
Mossbauer nuclides per unit area. Too thick an absorber will cause line 
broadening, with the broadening given by 
Texp = (2 + 0.27T) r 
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where T is the natural line width. 
4.2.3 Detector 
There are three types of detectors used generally in Mossbauer 
spectroscopy [14,15]. The proportional counter, the scintillation counter and the 
solid state detector [16]. The proportional counter is generally used for the energy 
en 
region from 1 to 20 KeV, and this type of counter is used extensively for Fe 
Mossbauer spectroscopy. The counter consists of an outer cylinder at ground 
potential, and a central wire with appropriate gas mixtures. A gamma-ray entering 
the counter ionizes the gas and further ion paires are formed by collision with the 
gas atoms and the anode out put pulse will be proportional to the gamma-ray 
energy. For higher gamma ray energies the scintillation counter is used. The solid 
state detector has extremely good energy resolution (600 eV to 14.4 KeV) but it 
must be cooled down to about 120K 
4.2.4 Mossbauer Spectrometers 
In conventional Mossbauer spectrometer, the y-ray source (radioactive 
source e.g. Co half-life time 270 days for Fe Mossbauer spectroscopy) is 
mounted on the driving unit which is usually electro-magnetic transducer. In order 
to investigate the energy levels of the Mossbauer nucleus in the absorber it is 
necessary to modify the energy of the gamma rays emitted by the source so that 
they can have the correct energy for resonant absorption. This is accomplished by 
moving the source relative to a stationary absorber, and hence giving the gamma 
rays an energy shift as a result of the first order Doppler effect. The convention 
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has been adopted to plot the spectrum as a function of the velocity v (relative 
velocity of the source with respect to the absorber). Positive velocity is defined as 
the motion of source and absorber toward each other and negative velocity as the 
motion of source and absorber away from each other. The driving system consists 
of the Mossbauer velocity transducer, driving unit and a function generator. A 
large variety of velocity modulation systems have been developed which are based 
on various principles mechanical or electromechanical etc. Normally electro-
mechanical transducers are used to put the source in motion. Function generator 
provides a precise waveform, which is following the driving unit. The funcational 
forms are constant velocity, constant acceleration and sinusoidal. The measured 
radiation is stored in the analyzer in such a way that each channel corresponds to a 
velocity increment measured in mm/sec. The calibration is made by a hyperfine 
spectrum (a-Fe) where the line positions are known accurately. The detectors 
normally used for low energy y-rays are: scintillation, proportional counter and 
lithium drifted germanium and silicon detectors. In the present case we use a gas 
filled proportional counter. A block diagram of the Mossbauer spectrometer is 
shown in Fig. 4,2. 
To observe the nuclear hyperfine splitting the monochromatic source is 
Doppler shifted by a mechanical velocity transducer to cover the energy range; for 
Fe in Fe metal the hyperfme splitting lies within a velocity range of ± lOmm/sec. 
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The velocity spectrum is obtained by storing the counts as function of velocity in a 
multichannel analyzer (MCA). 
Transducer m 
Drive Amp. 
Mossbauer 
Source 
111 He+CH^ gas 
Detector (proportional counter) 
Sample (thin film) 
Function 
Generator 
High Voltage 
Power Supply 
Pre-Amp. Linear Amp. 
Multichannel 
AnaJyrser 1 
Single Channel 
Pulse Height Analyser 
!|»»iAt Display arxl 
Data Acquisition 
Fig.4.2. Block diagram of Mossbauer spectrometer 
An analog to digital converter (ADC) can also be used with a computer for 
MCA operations. The voltage drop due to the photon pulse caused by ionization of 
the proportional counter is amplified and passed across capacitors. The decay time 
of the charge capacitor is constant for a photon of particular energy. Therefore, by 
setting the decay time suitably, so that it carries an energy range, wc count the 
number of specific energy pulses of a particular energy. When the time taken for 
the device to process the incoming signal is not negligible compared to the time 
spent in one channel, then comes the problem of dead time losses. The dwell time 
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is kept ~ lOO^s matching with the frequency (~16Hz) of the velocity transducer. 
The source velocity and the address of the active channel of the MCA are 
controlled by the master oscillator. The oscillator synchronizes the source 
acceleration and the sweep of the memory registers, causing the active channel 
address to be a linear function of the velocity. In other words, the pulses counted 
while the source is at a particular velocity are always stored in a particular register. 
The charge pulse from the counter is amplified and differentiated by the 
preamplifier, which is mounted as close to the counter as possible. Further 
amplification of the pulse is provided by the main amplifier and its output is 
applied to a single channel analyzer (SCA). The SCA is set to discriminate against 
the non-resonant signals. The signals accepted by the SCA are added to the current 
channel of the MCA. The master oscillator output is a rounded saw-tooth or 
triangular wave and is applied to one of the driver inputs. The driver is essentially 
a difference amplifier with its output applied to the vibrator. A pick-up coil on the 
vibrator supplies a voltage proportional to the velocity of the source and is 
connected to the second input of the driver. The driver and vibrator form a tightly 
coupled, electro-mechanical, negative feedback loop, forcing the source velocity 
to be directly proportional to the master oscillator signal. The desired velocity 
range is selected by scaling the master oscillator signal before it is applied to the 
driver. The channels/addresses are accessed sequentially in synchronism with the 
velocity sweep. The synchronization is obtained by providing a waveform from a 
function generator to the velocity drive and a transducer is used to provide a signal 
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proportional to the velocity. Though, a sinusoidal waveform is easier for the 
velocity drive to follow, there is a nonlinear relationship between velocity and 
channel number. So, a triangular waveform is used. A series of up-down counters 
are used to count-up the channel address advance pulses for the 1 ^ ' half and to 
count them dovm for the 2"** half. Thus, the data stored is required with twice the 
number of chaimels which is taken care of by folding the data, which in turn serve 
to eliminate the background curvature due to variation of source detector distance. 
4.3 X-ray Diffraction (XRD) 
Wide angle X-ray diffraction (XRD) is a non-destructive technique to 
derive information about the crystalline nature of the layers, identification of 
different phases and the structural coherence length of the layers in the growth 
direction (crystallite size). Since the wave vector transfer values involved are large 
(>2A''), this technique probes the layer structure at atomic level. Diffraction takes 
place from a crystal only when Bragg's law 2d sinG = n A. is satisfied. 
Experimentally, the Bragg's law can be applied in two ways (i) using X-rays of 
known wavelength X and measuring 0, one can determine the spacing d of various 
planes in a crystal, this is known as 'structure analysis' (ii) using a crystal with 
planes of known spacing d, measure 0, and thus determine the wavelength X of the 
radiation used, this is termed as 'X-ray spectroscopy' [17]. The Bragg's law puts 
very stringent conditions on X and 0 for any given crystal. With monochromatic 
radiation, an arbitrary setting of a single crystal in a beam of X-rays will not in 
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general produce any diffracted beams. Bragg's law can be satisfied by 
continuously varying either A, or G during the experiment [18]. The conventional 
wide angle XRD is carried out in a 0-20 scan in which the incidence and the 
scattering angle are changed maintaining 1:2 ratio. The disadvantage of this 
method is that significant contribution from the substrate is obtained as the 
penetration is larger at higher angles and thereby the sensitivity for the detection 
of scattering fi"om the thin film is reduced. To overcome this drawback, 
asymmetric diffraction geometry is used in which the incidence angle is kept fixed 
close to the critical angle so that the penetration is limited to the film thickness and 
the detector is scanned in the usual angular regime. The diffracted beam has a 
width because of the natural broadening. In addition, there may be additional 
broadening due to slit widths, penetration in the sample, imperfect focusing, 
unresolved ai and QLJ peak or the wavelength widths of ai and aa in cases where 
peaks are resolved. All these sources of broadening are grouped together as 
'instrumental broadening'. To correct for the instrumental broadening in the 
sample, one measures a standard powder sample in which the particle size is large 
enough to eliminate all particle size broadening. The standard peak is measured 
under instrumental conditions. Which are identical to those of the specimen to be 
studied, so that the broadening of the standard is exactly the instrumental 
broadening in the pattern of the sample. The line width of the diffracted pattern 
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can be used to calculate the grain size of the diffracting specimen using Scherrer 
formula [19] according to the Eq., 
. = - " ^ , (4.3) 
BcosBg 
where t is the grain size, B is an angular width in terms of 20, 6B is the Bragg 
angle and X is the wavelength of the radiation used. 
4.4 X-ray Diffraction from Amorphous Solids 
XRD is one of the most commonly used technique to distinguish between 
the crystalline and amorphous materials. In contrast to crystalline solids the 
diffraction pattern of an amorphous material consists of broad hump which is 
replaced by a sharp peak as the amorphous material transforms into crystalline 
phase under the effect of external environment (e.g. thermal heat treatment). The 
intensity of the diffracted radiation for a amorphous solid is given by 
I(s)= l +—y (no. of pairs at distance x) . (4.4) 
^ ^ N ^ 27ISX 
The diffracted angle for the first maximum is related to the interatomic 
distance by the Bragg law, such that the term has maximum for Sm = 2 
2;rsx 
sinBn/X = 1.23 / x^, where 1.23 is the correction factor. Accordingly, if there exists 
a particular value of x, namely Xn,, corresponding to the separation of a large 
number of pairs and for the values near x^ the number of pairs is relatively small 
and uniform a maximum at the value 2 sinG^ / A, = 1.23 / Xn, will appear in the 
interference curve. When the atoms are piled against each other, value Xm can be 
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assumed to represent smallest distance of approach of the atoms, i.e. their 
diameter, in case of metallic glasses where atoms are in contact. 
4.5 Experimental Set-up and Methodology 
The measurement has been carried out using a Siemens D5000 
diffractometer equipped with a grazing incidence attachment. The experimental 
set-up used for the XRD measurement as shown in (Fig. 4.3). 
Hv 
Fig 4 3 Schematic diagram showing the beam path of the Siemens D5000 diffractometer D, 
S, P, M, D corresponds to X-ray tube, shts sample holder, monochromator and 
detector respectively 
The diffractometer comprises of a sealed Cu tube with a maximum rated 
power of 3 KW (50 kV, 60 mA). The divergence of the incident beam is limited in 
the vertical direction (dispersing direction) by a 50 |im slit termed as the 
'divergence slit'. A Soller slit is used to collimate the incident beam in the 
horizontal direction. The goniometer is of a vertical type and consists of two 
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concentric circles for sample (9) and detector (29) rotation. The sample stage is 
horizontal and rotates about a vertical axis that is normal to the sample surface 
passing through its center. A razor blade edge is placed very close to the sample 
surface at the axis of rotation to generate a slit of the size of few microns [20]. 
This slit together with the divergence slit acts as a collimator resulting in a low 
incident beam divergence and is 0.02° for the above set-up. This also reduces the 
sampling area of the beam. The exit beam path comprises of the following, a 100 
mm long soUer slit arm which has a divergence of 0.4°, a flat LiF (100) 
monochromator set to reflect Cu K^ radiation (k = 1.542 A) and a Nal (TI) 
scintillation detector for counting the number of photons per unit time in the 
scattered radiation. The measurements in the present case have been carried out at 
a power of 1.2 kW (40 kV, 30mA), a limit set for a longer life of the X-ray tube. 
The instrumental resolution in 9 is 0.02° (0.003 A~' in the wave vector transfer). 
The 0 and 29 motions are mechanically de-coupled which facilitates independent 
motions of the sample and the detector. The measurement and data acquisition are 
automated which provides ASCII output of the intensity as a function of angle. 
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CHAPTER-V 
Mossbauer Study of Some Iron Complexes 
5.1 Introduction 
The biological complexes are well studies through various techniques and it 
is an established fact that their properties are due to varied geometrical 
arrangement of ligands surrounding the metal ion [1-4]. Many biological 
molecules contain iron. The Mossbauer effect provides a powerful probe to 
chemical state and the environment of iron atoms [5]. 
The complexes chosen for these investigations are newly synthesized 
species with different ligands attached to iron metal which is a Mossbauer probe. 
The ligands used are of Schiff bases and they are important from the point of view 
of their wide applicability. These complexes are used as drug derivatives, 
occurring like industrially, biologically, etc. They are also useful metal binding 
sites in substantial array of metalloproteins in biological systems [6-8]. Thus, these 
macrocylic complexes are thought to be interesting for the Mossbauer 
investigations [5] as the determination of hyperfine field parameters will reflect 
several important chemical aspects at the microscopic level. 
From the investigations of the complexes, the line width, area of the line, 
the isomer shift, the s-electron density, quadrupole coupling constant (q.c.c.) 
and electric field gradient are found to be positive. The knowledge of q.c.c. gives 
This work has been communicated for publication. 
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information about co-ordination number of the complexes [9]. It is a fact that as 
the co-ordination number increases, the s-electron charge distribution surrounding 
the metal ion tends to spherical symmetry and, therefore, decreases quadrupole 
coupling constant. 
5.2 Preparation of Complexes 
All the absorbers used here are prepared from the chemicals of reagent 
grade in the laboratory of Department of Chemistry, Aligarh Muslim University, 
Aligarh, India. They are prepared as following: 
5.2.1 C48H5oN,oFe2Cl608 
Using template effect method [10], the methanolic solution (20 ml) of 
anhydrous FeCls (0.33 g, 1.88 m mol) is added dropwise to the ligand (l.Og, 1.03 
m mol) over one hour in 1,4-Dioxane (30 ml) at room temperature. The whole 
reaction mixture is stirred for 48 hours which gives brown coloured precipitate. It 
is filtered and washed with 1,4-Dioxane followed by methanol. The compound 
obtained is dried in vacuo. It is dark brown coloured solid. Now the complex 
C48H5oNioFe2Cl608 prepared. The complex has two metallic ions in cavity. The 
melting point of the complex is 240°C (decomposed) and yield is found 0.21 g, 
35%. 
5.2.2 C42H56N,2Fe2CU08 
Using template effect method [10], the methanolic solution (20 ml) of 
anhydrous FeCla (0.347 g, 2.14 m mol) is added dropwise to the ligand solution 
(1.0 g, 1.07 m mol) over one hour in 1,4-Dioxane (30 ml) at room temperature. 
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The whole reaction mixture is stirred for 48 hours, which gives blackish-brown 
precipitate. It is filtered and washed with 1 -4-Dioxane followed by methanol. The 
compound obtained is dried in vacuo and blackish-brown coloured solid is 
obtained. Now the complex, C42H56Ni2Fe2Cl408 is prepared. The complex has two 
metallic ions in cavity. The melting point of the complex is 310°C (decomposed) 
and yield is found 0.425g, 33%. 
5.2.3 Iron (III) Encapsulation of Hexaazamacrocyle 
Using the method of condensation reaction, the ligand (0.82 g, 2 m mol) is 
dissolved in warm dimethyl formamide (DMF) (20 ml) to which a methanolic 
solution of FeCla (0.33g, 2 m mol) is added dropwise with continuous stirring 
[11]. The reaction mixture is stirred for 48 hours at room temperature (RT). It is 
concentrated to ~ 5ml on steam bath. It is then poured in methanol ether (15 ml; 20 
ml) mixture producing brown coloured solid which is separated by Alteration, 
washed with methanol and ether dried in vacuo. Now, the complex iron (III) 
encapsulation of hexaazamacrocyle [CigHMNeOeFeCls] is prepared. The complex 
has one metallic ion in cavity. The melting point of the complex is 254-256°C and 
yield is found 54%. 
5.2.4 C„H24N5S2FcCl2 
Using the simple addition reaction method, the FeCl22H20 (0.3 m mol) 
solution and tris 2-amino ethylamine (tren) (0.3 m mol) are mixed in a three neck 
round bottom flask at room temperature and is stirred for 3-4 hours. A brown 
colour mixture is obtained. Now, it is added in sodium diethyl dithiocarbamate 
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(0.3 m mol) and is stirred for 4 hours. A reddish dark brown precipitate is 
obtained. This precipitate is separated by suction pump through a filteration for 
half an hour. The obtained solid is dried in desicator. Now, a reddish dark brown 
complex CiiH24N5S2FeCl2 is prepared. It is found that the complex is soluble in 
dimethyle sulphoxide (DMSO) and the melting point is greater than 300°C 
(decomposed). The yield is found 53%. 
5.2.5 Ci,H24N3S2Fe(N03)3 
Using the simple addition reaction the Fe (N03)3 9H2O solution (0.3 m 
mol) and tris 2-amino ethylamine (tern) (0.3 m mol) are mixed in a three neck 
round bottom flask at room temperature and is stirred for 3-4 hours. A brown 
colour mixture is obtained. Now, it is added in sodium diethyl dithiocarbamate 
(0.3 m mol) and is stirred for 4 hours. A dark brown precipitate is obtained. This 
precipitate is separated by suction pump through a Alteration for half an hour. The 
obtained solid is dried in desicator. Now a dark brown complex 
CiiH24N3S2Fe(N03)3 is prepared. It is found that the complex is soluble in 
dimethyl sulphaoxide (DMSO). The melting point of the complex is greater than 
300°C (decomposed). The yield is found 55%. 
5.3 Experimental Details 
All the samples were examined in the powder form. The Mossbauer data 
were taken with Co (50 mCi, metal matrix Ph, thinness S i^m, active dimension 
1x3 mm, from Moscow, Russia) diffused into a copper matrix supplied by the 
Inter University Consortium for the Department of Atomic Energy Facilities 
(DAEF) Indore (M.P.), India. The experiment was performed at room temperature 
about 300 K. The absorber kept stationary and source was moving with velocity 
ranging from 0 to ±10 mm/s. The data collection procedure is described in 
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Chapter-IV. A series of up-down counters are used to count-up the channel 
address advance pulses for the 1^ ' half and to count them for the 2"^ * half Thus, the 
data stored (512) is required with twice the number of channels (256) which is 
taken care of by folding the data, which is turned serve to eliminate the 
background curvature due to variation of source detector distance. The calibration 
(comparative study) is made by an a-iron foil (natural iron) standard. It was 
purchased from Obnisk, Russia. The spectrum was fitted with NORMOS 
programs, 1990, i.e. R.A. Brand, Laboratorium fuer Angewande Physik 
Universitael Duisburg. Lotharstr 1, D-41000 Duisburg 1. All the spectra were 
taken without an applied magnetic field and it is found quadrupole doublet. The 
quadrupole splitting and isomer shift both are found positive in each case. The 
experimental results (line width, area of the line, quadrupole splitting and isomer 
shift) are shown in table 5.1. The complexes were examined for crystalline 
amorphous nature through XRD discussed in chapter-IV. It is found that except 
complex No. 3, all other complexes are found to be amorphous. 
5.4 Experimental Results and Discussion 
The Mossbauer spectra of all the complexes were taken at room 
temperature near about 300K as shown in Figs. 5.1-5.5. The Mossbauer 
parameters are summerised in Table 5.1 [9, 12]. The isomer shift is found to be 
maximum in the complexes No.l (0.361410 mm/s) and minimum in the complex 
No.3 (0.211569 mm/s). The magnitude of isomer shift is comparable to thai 
reported data at room temperature for various Fe (iii) and Fe (ii) complexes having 
hexa co-ordination around metal ion [13,14]. 
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Table 5.1. The line width, isomer shift, quadrupole splitting, electric field 
gradient, quadrupole coupling constant and s-electron density are obtained 
through the computer analysis at room temperature of the iron complexes. 
S.No 
1. 
2. 
3. 
4. 
5. 
Complex 
CAgHsoN.oFezClsOg 
C42H56N,2Fe2Cl408 
CsHuN^FeCljOs 
C„H24N5S2FeCl2 
C„H24N3S2Fe(N03)3 
Line width 
(mm/s) 
0.551618 
±0.014921 
0.820244 
±0.114853 
0.649979 
±0.082330 
0.694625 
±0.014127 
0.640725 
±0.005108 
Line width 
xlO-'(eV) 
2.651958 
±0.071735 
3.943454 
±0.552174 
3.124878 
±0.395815 
3.339521 
±0.067918 
3.0803880 
±0.0245575 
Area of line 
(mm/s) 
0.037991 
±0.000695 
0.004928 
±0.000318 
0.004902 
±0.000358 
0.177948 
±0.001910 
0.171979 
±0.000934 
Area of the 
line 
xlQ-'Cev) 
0.182648 
±0.003341 
0.023692 
±.001529 
0.023567 
±0.00172! 
0.855513 
±.009183 
0.826816 
±0.004490 
Isomer shift 
(mm/s) 
0.361410 
±0.009775 
0.294404 
±0.037944 
0.211569 
±0.028979 
0.341426 
±0.004950 
0,339974 
±0.003457 
S.N 
1. 
2. 
3. 
4. 
5. 
Isomer shift 
xl(r ' (eV) 
1.737536 
±0.046995 
1.415394 
±0.182422 
1.017152 
±0.139321 
1.641460 
±0.023798 
1.634479 
±0.016620 
Quadrupole 
splitting 
(mm/s) 
0.667494 
±0.013428 
0.483642 
±0.070945 
0.436145 
±0.052928 
0.725709 
±0.008936 
0.694689 
±0.003744 
Quadrupole 
splitting 
xlO-*(eV) 
3.209084 
±0.064557 
2.325186 
±0.341079 
2.096837 
±0.254460 
3.488962 
±0.042961 
3.339828 
±0.017999 
Electric 
field 
gradient 
xlO"V/m' 
3.209084 
±0.064557 
2.325186 
±0.341079 
2.096836 
±0.254451 
3.488962 
±0.042961 
3.339785 
±0.017999 
Quadrupole 
coupling 
constant 
xlO"* (eV) 
0.534847 
±0.010759 
0.387531 
±0.0568465 
0.349473 
±0.042408 
0.581494 
±0.007160 
0.556631 
±0.003000 
S-elcctron 
density 
xlO^' 
10.858623 
±0.293692 
8.845414 
±1.140031 
6.356621 
±0.870601 
10.25820 
±0.148720 
10.21457 
±0.103860 
Grain size 
Amorpho 
us 
Amorpho 
us 
10.162859 
A 
Amorpho 
us 
Amorpho 
us 
Colour of 
compound 
Dark-
brown 
Blackish 
brown 
Brown 
Reddish-
dark 
brown 
Dark-
brown 
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Fig.5.1 (a) The Mossbauer spectrum of complex C48H5oNioFe2Cl608 at 
room temperature. The solid circles are experimental data points and the 
solid line is fitted to them, (b) X-ray diffraction pattern of complex 
C48H5oN,oFe2CU08. 
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Fig.5.2 (a) The Mossbauer spectrum of complex C42H56N|2Fe2Cl408 at 
room temperature. The solid circles are experimental data points and the 
solid line is fitted to them, (b) X-ray diffraction pattern of complex 
C42H56N,2Fe2Cl408. 
Chapter-V 39 
1 002 - , 
( a ) 
1 001 -
1 000 
c 
q 
O 0 999 
u> 
TO 
0 998 
0 9 9 7 -
0 996 
•.^• 
— 1 — 
-10 
*. v » • f ' 
• •^^^—•*• _ 
i • . •• •. 
•« t * t 
-5 0 5 
Velocity (mm/sec) 
10 
(b) 
700-, 
600 
5 0 0 -
^ 4 0 0 -
05 
c 
Si 300-
_c 
2 0 0 -
100-
0 -
/ kill ^* '* -HX* '«»,MJN,, , . ,».»^ «K|>« J I 
— J 1 1 1 1 1 1 1 J 1 1 1 1 1 , 1 J— 
10 20 30 40 50 60 70 80 90 
26 
Fig.5.3 (a) The Mossbauer spectrum of complex CigHuNeFeClsOs at room 
temperature The solid circles are experimental data points and the solid 
line is fitted to them, (b) X-ray diffraction pattern of complex 
CigHnNfiFeCljO .^ 
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Fig.5.4 (a) The Mossbauer spectrum of complex C||H24N5S2FeCl; at room 
temperature. The solid circles are experimental data points and the sohd 
line is fitted to them, (b) X-ray diffraction pattem of complex 
C,,H24N5S2FeCl2. 
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room temperature. The solid circles are experimental data points and the 
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The positive isomer shift shows that the s-election density is higher in the 
complexes than that in the source. 
The spectra of quadrupole splitting at room temperature suggests that the 
presence of electric field gradient at the metal ion is due to the presence of ligands 
around the ion. This may also be due to some distortion from the perfect 
octahedral geometry to an elongated octahedral geometry attained by the complex. 
It is interesting to note that the quadrupole splitting in complexes No. 1, 4 and 5 are 
much higher than complex No.2 and 3 (table 5.1). This seems plausible inview of 
the molecular mode examination of the ligands of complexes No.l, 4 and 5, which 
may provide asymmetric hexa co-ordination to metal ions visa vis to that possible 
for the ligands of the complexes Nol, 4 and 5. It means that the electric field 
gradient is significant. It also appears from the spectra of complexes No. 1 -5 that 
the quadrupole coupling constants (q.c.c.) are positive as the peaks lie to the right 
of zero velocity. It shows that the transition is taking place from higher energy 
state to lower energy state |± 3/2> -^ |±l/2> as shown in Fig. 5.6. Since the 
magnetic splitting does not appear in these complexes, therefore, it suggests that 
the internal magnetic field is absent at the Mossbauer nuclei in each case and the 
states remain doubly degenerate, showing the Kramer's degeneracy. 
It is seen that the line width of the complexes are found large in comparison 
to the natural line width (4.665x10"' eV) of ^^Fe. The maximum line width 
39.43454x10"' eV of the complex No.2 and minimum line width 26.51958x10^' 
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Fig.5.6 Quadrupole splitting for a nucleus with spin 1=3/2 in the 
excited state ^ 'Fe. 
eV of the complex No.l (Table 5.1). The observation of deviation from the natural 
line width might be trivial and could be due to Doppler broadening of an improper 
functioning of Mossbauer apparatus (vibration) or saturation effects in the 
absorber or in the source. However, there are also a number of inherent physical 
processes causing line broadening. 
5.5 Conclusion 
By looking at the Mossbauer spectra, the hyperfme field parameters are 
found very sensitive and meaningful of each complexe. The line width, isomer 
shift, quadrupole splitting, electric field gradient and quadrupole coupling constant 
are found positive. The electric field gradient gives information about the ions 
surrounding the Mossbauer atom. The charge distribution gives the structure and 
symmetry of the complex. These complexes of present work are very useful for 
biological purpose. 
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APPENDIX 
APPENDIX-A 
J 
The matrix elements of £> (a, (3,Y) for J = 1 is, 
D} 1 := -^ i i | ^ [Cos (a + r)-iSin(a + y)] 
D [ ) i = ^ ( C o s y - i S i n r ) 
D \ 1 =(^-^"^^)[Cos(a-Y) + iSin(a- y)] 
DJ , = ^ ^^^^^[Cos(-a + Y) + i Sin(- a+ Y)] 1,-1 2 
D \ , = i l±^^^[Cos(a + Y) + i Sin(a+ Y)] 
-1,-1 2 
DJ ^ = T^(Cos« - i Sina) 
^ 0 ^ 2 
Do,0=Cos^ 
Di „=—p^(Cosa + iSina) 
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Appendix-B 
Ee[R(A,-')R-'] = D;,_,Ee(A;) + DV,Ee(A-') + D;,__,Ee(A?) 
using Eqs. (2.16) and (2.23) 
( l -C0Sy5) , , . . . . - / - , , , , , . . ... ( l + C0Sy5) 
= ^-^{cos(a-Y)-i sin(a-Y)v3/167i(cos^ + i sin^)} + ^ ^-^ 
(cos(a + Y) + i sin (a + Y))^3/167c(cos^ - i sin ^ ) + 0 
= V3/167t (1-cos/?) (cos^cos(a-Y)- i cos^sin(a-Y) + i sin^ 
/ ^ -2 • y • / NX ( 1 + C O S / ? ) . , . X . , • / N 
c o s ( a - y ) - i sm(psin(a-/)) + ^-^(cosf COS(Q; + ;K) + /COS(Psin(a + x) 
+ /sin(pcos(a + /)-i^ sin^sin(« +;')) ] 
= 73/1671 (1-cos/?) (cos^ cos (a - Y) + sincf) sin (a - Y)) 
(1 + C O S / ? ) . , , . • Ji • , ^^ 
+ ^-^ (cos ^  cos (a + Y) + sm f sin (a + Y)) 
- iV3/16;r (l-COSyff) (sin^ cos (a - Y) - sm^ cos (a - Y)) 
(1 + cosy?). . , . . , . . . . 1 
+ ^-- (sin <p cos{a + x)- cos (p sm(a + y)) J 
For simplicity let us denote 
„ ^(l+COS;5) • J. • / NX 
ii = [ —^ (cos (p cos(a +;') + sin ^  sin(a +;')) 
+ ^^  — (cos ^  cos(a -y) + sin ^  sin(a - y))\, 
_ J l + cosy^) . . , . . . . . ., 
f2 = [- ^-^ (sin f cos(a + y}- cos f sin(a + y)) 
(\-COSB) , , . , \ • y ,- NM 
+ -^^  ^-^ (cos ^  sin(a - ; ' ) - sin ^  cos(a - ;r))J, 
Similarly, fa, f4, fs and U can be calculated. 
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On the angular and polarization distributions of the 
Mossbauer radiation |3/2+) -^ 11/2"^ ) in single crystals 
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Abstract 
Using the multipole radiation theory, the polarization and the angular distribution of the Mossbauer radiation 
available between |3/2" )^ -• |l/2+) in the presence of the magnetic and electric fields are calculated, assuming asym-
metry parameter non-zero. The determinant of coherency matrix, intensity and degree of polarization of each line for 
an arbitrary direction of propagation are zero, non-zero and unity, respectively. The determinant of coherency matrix 
and degree of polarization are isotropic whereas the intensity is anisotropic. The degeneracy of the energy states is 
completely lifted. The results are transformed from the principal axis system to the crystal fixed axis system using the D-
matrix formalism. Certain symmetries have also been found. When the magnetic and the quadrupole interactions are 
equal and unequal in magnitudes some remarkable results are obtained. 
© 2004 Elsevier B.V. All rights reserved. 
Keywords: Mossbauer transition; Hyperfine interaction; Coherency matrix; Degree of polarization; Principal axis system; Crystal fixed 
axis system 
1. Introduction 
When a gamma-ray emitting or absorbing nu-
cleus is placed in the presence of magnetic and 
electric fields, the magnetic dipole moment of the 
nucleus interacts with the surrounding magnetic 
field and the quadrupole moment of the nucleus 
interacts with the electric field gradient set up by 
the ligands around it [1]. Attempts have been made 
to construct a theory, assuming asymmetry 
parameter (rj) non-zero, to evaluate hyperfine field 
Corresponding author. Fax: +91-571-400-528. 
E-mail address: drsikanderali@hotmaiI.com (S. Ali). 
parameters in single crystals using the Mossbauer 
resonance. 
In the nuclear transition |3/2"^) —> \\/2'^), eight 
lines are obtained. The coherency matrix [2], the 
intensity and the degree of polarization [2] have 
been calculated for each line using the multipole 
radiation-field theory [3] and density-matrix ap-
proach [4,5]. Extensive use of D-matrix [6] has 
been made to transform the results from the 
principal axis system (PAS) to the crystal fixed axis 
system (CFAS) in single crystals. 
When the magnetic and quadrupole interac-
tions are equal and unequal in magnitudes, a 
remarkable change in some of the results is ob-
served. These observations are very much useful 
0168-583X/$ - see front matter © 2004 Elsevier B.V. All rights reserved. 
doi:10.1016/j.mmb.2004.03.068 
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for the angular and polarization measurements as 
shown below. 
2. Theory 
The interesting and important part of the 
hyperfine interaction is the magnetic part arising 
from the interaction of the nuclear magnetic dipole 
moment ft with the magnetic field H due to the 
atom's own electrons. The magnetic field is sup-
posed to be parallel to the z-axis. The Hamiltonian 
for the magnetic interaction [7] is 
//„ = - ; / • H = - g ^ ^ I • H (1) 
and the energy levels are 
£„, = -nHm,/I = -gUfjHm, (2) 
with w/ = / , / - 1 , . . . , - / , /<;v is the nuclear mag-
neton and g is the nuclear g-factor. According to 
Eq. (2) there are (2/ + 1) equally spaced energy 
levels. In general, a gamma transition between the 
ground and the excited states of spins /g and I^ 
must conserve the z-component of angular 
momentum, i.e. the angular momentum, L, carried 
off" by the gamma ray must satisfy 
| / g - / e | ^ L ^ | / g - h / c | w i t h L ^ O . 
A transition with Z, = 1 is called an electric di-
pole E\ transition, if it is accompanied by a change 
in parity, otherwise it is a magnetic dipole Ml 
transition. The effective magnetic field acting at the 
nucleus arising from the atom's own electrons is 
usually called the internal field. 
When an atom is placed in a regular crystalline 
environment, it loses its spherical symmetry and 
the electrostatic field interacts with the atom at the 
lattice site. If the surrounding crystal symmetry is 
less than cubic symmetry then electric field gradi-
ent at the lattice site becomes non-zero and inter-
acts with the quadrupole moment of the nuclear 
state. The nuclear projection quantum number 
states get split partially, depending upon nuclear 
spin. The quadrupole interaction Hamiltonian can 
be expressed as [8,9] 
Ho = 
e'Qq 
4 / (27 -1 [3/^  /(/ + i) + | ( /H/!) ' 
where g, q, I and t] are quadrupole moment of the 
nucleus, field gradient, spin of the state under 
consideration and asymmetry parameter, assum-
ing non-zero, respectively. 
If both magnetic and electric quadrupole 
interactions are simultaneously present then the 
complete Hamiltonian [10] is 
-g^^N^ff e'Qq 
4 / ( 2 / - 1 ) 3/f - /(/ -f-1 +|(/;+/!; 
(4) 
where I', and I- are defined with respect to two 
different axis systems. 
For a single photon, the transition probability 
for an emission or absorption process depends on 
the interaction energy H' which can be given by the 
scalar product of current density j of the source 
and the vector potential A of the field. Since the 
interaction energy is a zero-rank tensor, H' must 
be given as [11] 
^'^E^'E^-^r^rTTW. (5) 
/=0 m=-l 
where T"' {N) is a tensor of rank / in the co-ordi-
nates of the nucleus and related to its multipole 
moments. The tensor T"' can be obtained from the 
multipole solution of the Maxwell's electromag-
netic field equations [12]. In the Mossbauer reso-
nance, the initial state |/) of the nucleus having the 
angular momentum /, and other quantum numbers 
y, can be given as 
and final state of the nucleus is 
(6) 
(7) 
(3) 
where a^ and bj,, can be obtained from the diag-
onalization of the hyperfine-interaction Hamilto-
nian. In the radiative nuclear transition the 
possible multipole radiations generally encoun-
tered in the Mossbauer resonance are of the dipole 
and quadrupole character [13]. The nature of the 
electric or magnetic transition radiation is con-
tained in the definition of A"'. Hence, the H' for the 
nuclear radiative transition is 
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H' = const 
U m 
(8) 
The transition probability for the nucleus to 
decay from state |/) to the state \f) is proportional 
to the square of the matrix element {f\H'\i). The 
intensity of radiation in a given direction n can 
easily be computed using Eqs. (6)-(8) and it is 
proportional to the expression given by 
E(-i> W+iW 
MM' 
+ 25Re 
/, 
rrii 
1 
-M' m '/J 
Al'Af 
-m nif 
m, 
L If 
-m nif 
h 2 
m' -m' rrif 
AfA"^ 
A" A" 
(9) 
The amplitudes a^ and bi^ can be evaluated by 
the first order perturbation theory because //Q is 
much smaller than the energy of the Mossbauer 
transition and the admixture coefficient b, the ratio 
of £2 to Ml, becomes zero [14,15]. 
When a gamma-ray emitting or absorbing 
Mossbauer nucleus is placed in the presence of 
magnetic and electric fields [16], the new eigen 
energies and eigen states come into existence. 
Let us consider M\ radiation obtained between 
the two spins U — 3/2 (first excited state spin) and 
I^ = \/2 (ground state spin). When the nucleus 
decays from the first excited state to the ground 
state eight lines are obtained. 
3. Polarization and angular distribution of the Ml 
radiation 
The Mossbauer-radiation measurements of 
angular and polarization distribution of a partic-
ular energy should give hyperfine field parameters. 
There are some unique features in the measure-
ment of the degree of polarization in the radiation 
emitted from a single crystal, complications due to 
anisotropic Debye-Waller-factor [17] which al-
ways affects the angular distribution of the Moss-
bauer radiation in single crystals, will be absent. It 
is almost impossible to separate the hyperfine field 
parameters from unavoidable crystal orienta-
tion dependent Debye-Waller-factor if one is to 
measure only the angular distributions. These 
complications do not exist in polarization mea-
surements. Therefore, the polarization determina-
tion has several advantages over the angular 
distribution measurements. An attempt has been 
made by Housley et al. [18] to understand the 
polarization effects in Mossbauer absorption or 
emission of Ml radiation in single crystals. Here 
they have considered that the principal axis sys-
tem of the EFG tensor coincides with crystal 
fixed axis system. However, the principal axis 
system of the EFG tensor has no a priori relation 
to the crystal axis system. Hence, the proper cal-
culations become essential to understand the 
polarization measurements. The polarization 
measurements are also useful for the determina-
tion of mean square displacement tensors in a 
single crystal. 
The polarization of the electromagnetic radia-
tion can be calculated by two methods. The Stokes 
[19] method is ideally suited when the measure-
ments allow the determination of the relative 
phase of the electric field vectors, which are 
orthogonal at a given point, specifying the elec-
tromagnetic radiation [20]. The Stokes method is 
applicable when the measurements allow the 
introduction of the desired relative phase differ-
ence between the orthogonal electric-field vectors 
specifying the radiation [21]. Such polarization 
analysers are not available in the region of the 
X-ray wavelengths. Thus, the Stokes method for 
the polarization measurements of the Mossbauer 
gamma-rays is not accessible. The density-matrix 
formalism [4,5] gives the degree of polarization 
which is measurable for the gamma-radiation [21]. 
In the determination of polarization it is essential 
that we should consider the coherent properties of 
the radiation, the coherence in this context is to be 
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interpreted as that property which retains degree 
of polarization of the electromagnetic wave as it 
propagates in space from the source to the detec-
tor. In many nuclear transitions the Mossbauer-
radiation is highly coherent, for example for ' 'Fe, 
coherent length «30 m. Since the nuclear hyperfine 
interaction admixes the m-projection quantum 
number states, hence the radiation emitted from 
such admixed states should carry in its degree 
of polarization the information about hyperfine-
field parameters. When the radiation is emitted 
in the direction n(0,4>) with respect to a co-ordi-
nate system, the electric field may be represented 
as EgCg + E^e^, where Eo and E^ are the field 
amplitudes in the direction of the unit vectors eo 
and e^. 
The coherency matrix by definition is [2] 
P = Pu 
Pii 
Pn 
Pn 
Eo-E*^ 
Ir- |2 
and the intensity \Eo\' + \E,\' 
trace of the matrix. 
(10) 
(11) 
The degree of polarization P is defined as the 
ratio of the intensities of the polarized portion to 
the total intensity, 
P = 'Polarized /-Total 
^J\-A\p\l{p,,+p,,)\ (12) 
where |p| is the determinant of matrix p. 
P = \ for the monochromatic radiation since 
IPI = 0, and the wave is said to be completely 
polarized, for P = 0, the wave is said to be com-
pletely unpolarized. In all other cases (0 < F < 1), 
the radiation is partially polarized [2]. 
In order to get intensity of the different Moss-
bauer-lines we need to evaluate matrix elements 
for each transition and square of the total tran-
sition amplitude should give the radiation inten-
sity. Consider 6 and (^  to be the polar angles, 
specifying direction of the out coming gamma-ray 
in the PAS. The unit vectors x, y and z in rect-
angular co-ordinate system can be related to e^, eo 
and e^ in the spherical co-ordinate system, as 
given in Fig. 1. 
Fig 1 Unit vectors en, e^ and e_ are mutually orthogonal and 
e^ IS perpendicular to the plane defined by OZ, OM or ON 
X = esinO cos (j) + eo cos 6 cos (j) — e^ sin 0, 
>> = e smOsincj) + e/jcos6*sin0 + e^cos0, (13) 
z = e^ cos 9 - eo sin 9. 
The radiation fields are given as [22] 
A f ^ ^3/l6K[cos9{x±iy)-sm9exip{±i(l))zl 
A° = -iv3/87csin 9[sm 0Jc - cos ^ j)]. 
(14) 
The degree of polarization; coherency matrix and 
intensity of each line in a single crystal have been 
calculated in both the systems, namely (Section 
3.1) the principal axis system (unrotated system) 
and (Section 3.2) the crystal fixed axis system 
(rotated system or laboratory system). 
3.1. The principal axis system (unrotated system) 
The transition amplitudes for all allowed eight 
lines are calculated according to the selection rule 
OT = ±1 , 0. The results are given in Table 1, where 
Cs are the Clebsch-Gordan Coefficients [23]. 
From Eqs. (13) and (14), the values of Af^ and 
A1 are given by 
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Table 1 
Transition amplitudes in terms of Clebsch-Gordan coefficients 
of each line 
Line no. Transition c(-\rA-, 
1 
2 
3 
4 
5 
6 
7 
8 
l + ! ) - l+^ ) 
l + i > - | - ^ ) 
l + ^)- l+^) 
1 + ^ ) - ! - ^ ) 
l - ^ ) - l + >^ 
l - ^ ) - l - ^ ) 
l - f ) - l + >^ 
l - f ) - l - ^ ) 
-C,/lr' - yJ\CiA\ 
V^C,^ « 
^C,A\ 
- ^ C , / ! ; - ' -CiA\ 
-C5^r ' - \J\c<,A\ 
#6/1? 
^f\cA 
-yJ\CjA-,' -CiA\ 
Af' = \/3/167t[e0 cos^ 0 cos 0 - e^ cos 0 sin </) 
± icfl cos^ 0 sin (/) ± ie^ cos 0 cos <t> 
+ ee sin^ 0 cos (/> ± iee sin^ 0 sin 0], 
A" = -i-v/3/87rsin 0[eecos 0cos 0 sin (^-e^ sin^(/i 
- ee sin (^  cos 0 cos </> - e^ cos^ (/>]. 
(15) 
Now let us collect 6 and (/> dependent parts of 
the electric field E. This can be obtained just by 
taking the coefficients of eo and e^, in Eq. (15). 
Thus, 
Eg{Af) = v/3/167t[cos0±isin</.], 
EeiAl) = 0 
and 
E^{Af^) = -y^3/167:cos0[sin(/)=Ficos</)], 
£^(^») = iv/378^sin0. 
(16) 
(17) 
Calculation of the coherency matrix p, trace of 
the matrix and degree of polarization P for all 
eight line transitions in Ml radiation [24]. 
For the transition | + 3/2) -> | + 1/2) 
Ee - -{QA;') 4' 
= -C, 
{C2A\) 
(cos (f> - i sincj)) 
^t - \I1C2 (cos(/) + isin0), 
C,+ \/^C2 lcos(A 
- i | C , - • \ / - C 2 l s i n < / ) 
-[K\COS(f) - ill siiKJ)], 
where K^ = Q + y^Cj, I i = C, - y^Cj, 
Pn = Eg- E'g 
j l ^ [ / : , cos , /> - i i , s in0] ( -y^^^ 
X [K\ cos (f> + \Li sin (p], 
Pn=-^ [K^ cos^ 0 + ^? sin^ (/>], 
£0 = — C|/l| TCIA] 
/——cos 0(sin (^  + i cost/)) 
loTr 
5^ = l—^cos 9{sm (j) - i cos(/)) 
Ed, = \IT^COSO[K\ sm<f) + iL\ cos</>], 
P22 -^i'-El 
= \ / T ^ c o s 6[K\ sin </> + iZ,| cos (j)] 
X A/TT-COS f^A"] sin (/> - iii cos 0 
V lOTT 
3 
= — cos^ e[K^ sin^ (A + Z,J cos^ (j)], 
P\2 — Ee-E'^ 
- V T7~ ) [^ 1 COS (t> -ill sin (/>] 
X I A/jT-cosff n/Ti sin(/) - ill COS0J, 
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Pii = - jr- COS 61{K^ - L\) COS (^  sin (^  - '\K\L-\ 
9i\ = E*„-E^ 
I [K\ cos (p + iL\ sin 0] 
l—^cos 6 [Ki sin (/> + iLi cos d)], 
Ion I 
P21 =- \6n 
cosQ[{K] - L\) cos (/) sin 0 + LK^ iLi 
Now using Eq. (10), 
LA 
^ [A f^ cos- c<i + 1 ; b in ' 0] 
/'ll P12 
P2I P22 
<\(K\ - i ; ) c o s i ^ s i n 0 + l/CiLiI 
X[(A;,- - Ly)cos0s in0 - iKjLj^ 
il; cos= 0\Kl sin- (^  -I- i ; cos= 0] 
P = 
P = 
2567r2 
9 
2567? 
cos^ e[{K^yL]){cos^ (j> + sin^ (l)f - L]KI] 
cos^ d[K]L\ - L\K^I] = 0 (18) 
Trace of the matrix = P\\+ P22 
= —— [A','(cos^ (/»+ cos^ <?sin' (jf>) 
+ L^(sin^ (/) + cos^ flcos^ 0)], 
(19) 
and the degree of polarization, 
1. '1 4|p| 
(Pii +P22) 
(20) 
Similarly, the coherency matrices, trace of the 
matrices and degrees of polarization have been 
calculated for all eight lines. The results are given 
in Table 2. The graphical representations are given 
in Figs. 3-11. When (a) the magnetic and quad-
rupole interactions are equal, i.e. //„, = HQ, (b) 
magnetic field is five times of quadrupole interac-
tion, i.e. //„, = 5//Q, (c) quadrupole interaction is 
five times of magnetic field, i.e. //Q ~ 5//m. These 
combinations have been taken for computer cal-
culations. 
3.2. Transformation of radiation field amplitudes 
from the PAS to the CFAS 
Since there is no a priori reason that the CFAS 
and the PAS should coincide with one another. 
Therefore, the transformation of observations 
from the PAS to the CFAS becomes essential. 
Such transformation has been carried out through 
rotation matrices [10], D(a,/?,>'), where a, /? and y 
are Euler's angles, as given in Fig. 2. The rotation 
operator R{(x,p,y) operating on spherical har-
monics A"'{9, ((>) gives [6] 
RA'",{6,<i,)R-' = J2 D:,Jo^J,y)Atie.,(t>o), (21) 
m = - l 
with [25] 
D'„^J'^J'y) = exp[-im'a]exp[-i/My] 
{-nU + m)\(j - my.ij + mJU - m')!]'^' E s\{J — s — m')\(j + m — s)\{m' + s — m)\ 
X {cos. fill) 2j+m—m' — 2s {-smfi/iy n'-m+ls (22) 
The field amplitudes for the M\ radiation from Eq. 
(21) are 
RA\R-'=D\,A\+DluA^'+DoiAl 
RAiR-' = D\^\ + Dl,,A-^' + Dl^l. 
Thus, 
(23) 
E„[RiAf')R-'] = v /s / l fe t / , ±i/2], 
Eo[R{Al)R-'] = -i^/yUfs. 
EMAT)R''] 
E,[R{A)R-'\ 
= -V3/167r[/3T/4]and 
i 7378^/6-
(24) 
(25) 
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Fig. 2. Representation of the direction of gamma-ray emission in the co-ordinate system, (a) The Euler's angles a, /? and y and their 
corresponding rotation which carry the {x,y,z) co-ordinate system into the (x',y,z') co-ordinate system, (b) Orthogonal co-ordinate 
system denoted as the crystal fixed axis system, (c) Principal axis system defined by the nuclear hyperfine interaction. 
using Eqs. (16), (17) and (23), where 
(l+cos/S) 
/ . 
+ 
2 
(1-cos^) 
(cos ^  cos(a + y) + sin (^  sin(a + y)) 
(cos(/)COs(a-)') 
/ 2 
+ sin<^sin(a-y)) 
(1+cos^), . , , - . . , ,, (sin^cos^a + yj-cos^sin^a + y)) 
/3 = 
(1-cosiS). , . , 
+ - ^(cos(psm(a-y) 
-sin(/»cos(a-7)) 
(1+cos^) 
cos0(sin</)cos(a + 7) 
-cos(^sin(a + y)) 
(1-cos^) 
+ cos0(sin0cos(a-)') 
/4 = 
-cos(/)sin(a-y) - (sin)?sin)'sin0)) 
(l+cos/3) ., , , , , 
-^  cos tf(cos (p cos(a -t- y) 
+ sin(^sin(a + y)) 
(1-cos)?) 
+ cos 9{cos (f) cos(a - y) 
+ sin </» sin(a - y) + (sin P cos y sin 6)) 
/s = sin P sin(a - (j)) 
and /ft = [cos ;S sin 0-s in j5cos 0cos(a - (/))], as 
given in Appendix A. 
For the transition | + 3/2) -^ | + 1/2): 
r 
E„R{ -QA;'-\l-C2At'\R-' 
P\\ E„R 
Ci + y^C2)/,-i(c,-y'lc2]/2 
[^i/i-iii/:], 
QA-'-J^C2Ar]R-
E;R\ -C,A 1-^ 1 
Pu=j^[KU'+LV2l 
C^At' /?-' 
EM QA;' C2A\ / ? - ' 
Cl + \I^C2\f2 + i\Q f2 A 
. — [KJi + iLJ,], 
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Fig 3 Illustration of the ratio of intensities {j- = ajf = b,^ = c,'f = d 'f = e 'f = i and 'f = g) versus the angles 0 and 4> when 
magnetic and quadrupole interactions both are equal (//„, = HQ) (a) (/> = 45°, »; = 0 3, 0 = ()-36(F; (b) 0 = 45°, i/ = 0 8, 0 = 0-360°, 
(c) 0 = 45°, ri=\ 0,0 = 0 360° 
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Fig. 4. Illustration of the ratio of intensities versus the angles 0 and (/> when magnetic and quadrupole interactions both are equal 
(//„ = / /Q) : (a) (4> = 90°, »; = 0.3, 0 = 0-360°; (b) 0 = 90°, >? = 0.8, 0 = 0-360°; (c) (^  = 90°, »; = 1.0, 0 = 0-360°. 
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Fig. 5. Illustration of the ratio of intensities versus the angles 0 and <l> when magnetic and quadrupole interactions both are equal 
(//„ = HQ): (a) (j> = 360°. rj = 0.3. 0 = 0-360°; (b) 0 = 360°, rj = 0.8, 0 = 0-360°; (c) (j) = 360°, >; = 1.0. fl = 0-360°. 
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Fig. 6. Illustration of the ratio of intensities versus the angles 6 and <^  when magnetic interaction is five times of the quadrupole 
intetactkm (H. = 5//Q): (a) 4> = 45°, t\ = 0.3, 9 = 0-360°; (b) ^ = 45°, t, = 0.8, 0 = 0-360°; (c) <t> = 45°, »; = 1.0, 0 = 0-360°. 
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Fig. 7. Illustration of the ratio of intensities versus the angles 0 and (j> when magnetic interaction is five times of the quadrupole 
interaction (//„ = SHQ): (a) 4> = 90°, t] = 0.3, 0 = 0-360°; (b) </> = 90°, rt = 0.8, 0 = 0-360°; (c) </> = 90°, »; = 1.0, 0 = 0-360°. 
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Fig 8 Illustration of the ratio of intensities versus the angles 6 and ip when magnetic interaction is five times of the quadrupole 
interaction (//„ = 5//Q) (a) </> = 360°, f; = 0 3°, 0 = 0-360°, (b) <t> = 360°, }j = 0i,6 = 0-360°, (c) (t> = 360°, 0 = \ 0, 9 = 0-360° 
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Fig 9 Illustration of the ratio of intensities versus the angles 0 and (j> when quadrupole interaction is five times of the magnetic 
interaction (HQ = 5//„) (a) 4> = 45°, ^ = 0 3, 0 = 0-360°, (b) 4> = 45°, ^ = 0 8, 0 = 0-360°, (c) 4> = 45°, t; = 1 0, 0 = 0 360° 
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P22 = E^R{ -CiA^'-xl^C2A\ )/?-' 
\6n 
P\i = E,R\ -QA 1^1 CiAl ]R-
E;R{ - C , ^ - ' - W - C 2 ^ | U - ' 
= - y ^ [ ^ , V i / 3 - LiM, - i^,L,(/,/4 +A/3)] 
C.Al \R-' 
C2A\ \R-' 
167t 
Now using Eq. (10), 
Pll Pl2 
|P21 Pll 
[K'J^h - L]f2f, + i/:,L,C/-,/4 + A/3)]. 
P = 
-i / : ,L,(/ ' , /4+A/3)] 
| p | = 0 . 
Trace of the matrix (intensity) = p,, + P22 
=^^m{f^+n)+L]{fi+fi)], 
and the degree of polarization, 
4|p| 
(Pu +P22) 
= 1. 
(26) 
(27) 
(28) 
Similarly, the coherency matrices, trace of the 
matrices (intensities) and degrees of polarization 
have been calculated for all 8 lines (transi-
tions). The results are given in Table 3. The 
graphical representations are given in Figs. 12-20. 
When (a) the magnetic and quadrupole interac-
tions are equal, i.e. / /„ = / /Q , (b) magnetic inter-
action is five times of quardrupole interaction, i.e. 
Hm = SHQ, (c) quardrupole interaction is five times 
of magnetic interaction, i.e. HQ = 5H„,- These 
combinations have been taken for computer cal-
culations. 
4. Result and discussion 
The degrees of polarization, coherency matri-
ces, intensities, ratio of intensities w.r.t. first line 
and symmetries of each line in a single crystal 
have been calculated in the systems namely (Sec-
tion 4.1) unrotated system and (Section 4.2) ro-
tated system. 
4 1. Unrotated system (the principal axis system) 
When magnetic and quadrupole interactions 
are simultaneously present eight lines (transitions) 
are obtained. The degree of polarization is calcu-
lated separately and it is found unity for each line. 
The wave is said to be completely polarized and 
the components £, and E^ of electric vector are 
mutually coherent and its phase is equal to the 
difference between the phases of the two compo-
nents. The coherency matrix, degree of polariza-
tion, intensities and ratio of intensity are shown in 
Table 2. The intensities of lines 2, 3, 6 and 7 are 
found to depend upon the angle 9 and that of the 
lines 1, 4, 5 and 8 are found to depend upon the 
angles 6 and <p. The symmetries of each line are 
calculated as shown in Table 4. 
(Assuming, ^ = a, ^ = b, ^ = c, ^ = d, ^ = e, 
^ = f and ^ = g for all Figs. 3-20 where 
I\,l2,...,h are the intensities of the lines, 
1,2,..., 8, respectively.) 
4.].1. When magnetic and quadrupole interactions 
are equal 
(i) In Fig. 3(a)-(c), the graphs a, b, e and f 
are maximum at 100°, 280°, e > f > b > a , and 
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minimum at 10°, 190°. The graphs c, d and g 
have opposite trends with respect to each 
other. The two fold symmetry is found in each 
case. 
(ii) In Fig. 4(a)-(c), the graphs a, b, d, e, f and g 
are maximum at 100°, 280°, e > f > g > 
d > b > a , and minimum at 10° and 190°. The 
graph c has opposite trend with respect to 
other graphs. It has maxima at 10°, 190° 
and minima at 100°, 280°. The symmetry of 
n is seen in each graph. 
(iii) In Fig. 5(a)-(c), the graphs a, b, c, e and f are 
maximum at 100°, 280°, e > f > c > b > a , and 
minimum at 10°, 190°. The graphs d and g 
have opposite trends with respect to other 
graphs. They have maxima at 10°, 190° and 
minima 100°, 280°. 
4.1. 2. When magnetic interaction is five times of 
quadrupole interaction 
In Figs. 6-8, the trend of the graphs a-g is 
found to be the same as in Figs. 3-5, respectively. 
The graphs b, d and g show sharp rise whereas a 
and c fall ofT rapidly. The behaviours of c and d are 
entirely different from each other. 
4.1.3. When the quadrupole interaction is five times 
of magnetic interaction 
In Figs. 9-11, the trend of the graphs a-g is 
found to be the same as in Figs. 3-5, respectively. 
The graphs a, c and f show sharp rise whereas the 
b and e show sharp fall. 
4.2. Rotated system (crystal fixed axis system) 
The transformation of calculations is carried 
out from the PAS to the CFAS. It is found that the 
degree of polarization is unity for each line in this 
system also. The intensity depends upon the angles 
6, <j) and Euler's angles a, jS and y. The determinant 
of the coherency matrix, trace of the matrix, de-
gree of polarization and relative intensities have 
been calculated as shown in Table 3. The symme-
tries of each line have been determined in various 
parameters d, (f), a, P and y. They are shown in 
Table 4. 
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Fig. 12. Illustration of the ratio of intensities versus the angles 0, ip and Euler's angles a, /J and y when magnetic and quadrupole 
interactions both are equal (//Q = //„) (a) </> = a = ^ = y = 45°, »/ = 0 3, 0 = 0-360°, (h) <t> = i = fi = y = 45°, n = 0.8, 0 = 0-360°; 
(c) <^  = a = ^ = y = 45°, ,^ = 1 0, 0 = 0-360° 
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Fig 13 Illustration of the ratio of intensities versus the angles 6, <p and Euler's angles a, p and y when magnetic and quadrupole 
interactions both are equal (HQ = HJ (a) <t> = <x = P = y = 90°, >; = 0 3, 0 = 0-360°, (h) (t> = a = p = y = 90°, t; = 0 8, 0 = 0-360°, 
(c) ^ = a = /? = 7 = 90°, ri = \0,0 = 0-360° 
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Fig 14 Illustration of the ratio of intensities versus the angles 0, cj> and Euler's angles a, fl and y when magnetic and quadrupole 
interacuons both are equal (HQ = H„) (a) 4> = !i =/) = y = 360°, ^ = 0 3, 0 = 0-360°, (b) </> = a = /i = ;- = 360°, /; = 0 8, 0 = 0-360°, 
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Fig 15 (a) Illustration of the ratio of intensities versus the angles 0, (j> and Euler's angles a, p and y when magnetic interaction is 
five times of quddrupole interactions (//„ = 5HQ) (a) 0 = a = ;8 = y = 45°, i; = 0 3. 0 = 0-360°, (h) <l> = a = ^ = y = 45°, ;; = 0 8, 
0 = 0-360°, (c) 0 = a = /i = > = 45°, ,, = \ 0, 0 = 0-360° 
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Fig. 17. Illustration of the ratio of intensities versus the angles 0, 0 and Euler's angles a, fi and y when magnetic interaction is five times 
of quadrupole interaction (//„ = 5//Q): (a) 0 = a = /? = ? = 360°,;/ = 0.3, 0 = 0-360°; (b) </> = a = /? = y = 360°,;; = 0.8, 0 = 0-360°; 
(c)4> = (x = 11 = y = 360°, V = 1.0, 0 = 0-360°. 
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Fig 18 Illustration of the ratio of intensities versus the angles 0, <j) and Euler's angles a, fi and y when quadrupole interaction is five 
times of the magnetic interaction {HQ = 5//^) {a)<p = oi = P = y = 45°, v = 0 3, 0 = 0-360°, (b) <)> = a = p = / = 45°,;/ = 0 8, 0 = 0-
360°, (c)4) = ii = p = v = 45°, ), = 1 0, 0 = 0-360° 
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Fig. 19. Illustration of the ratio of intensities versus the angles 0, 0 and Euler's angles a, ^ and y when quadrupole interaction is five 
times of the magnetic interaction (WQ = 5//„): (a) <^  = a = ^ = y = 90°, n = 0.3, 0 = 0-360°; (b) 0 = a = /? = y = 90°, r/ = 0.8, 0 = 0-
360°: (c) <^  = a = /? = y = 90°, »; = 1.0, 0 = 0-360°. 
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Fig 20 Illustration of the ratio of intensities versus the angles 0, 0 and Euler's angles a, ji and y when quadrupole interaction is five 
times of the magnetic interaction (WQ = 5//„,) (a) </> = a = /i = y = 360°, r; = 0 3, 0 = 0-360°, {h) (p = a = ji = y = 360°, J; = 0 8, 
0 = 0-360°, (c) (/> = a = /y = , = 360°, t; = 1 0, 0 = 0-360° 
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Table 4 
Compansion of symmetries m each transition m PAS (unrotated system) and CFAS (rotated system) 
Line no Transition Symmetries in unrotated system Symmetries m rotated system 
1 1+1) 
l+l) 
I+V) 
l+l> 
I-V) 
l - I> 
I-!) 
1-1) 
—* 1 
- 1 
- 1 
- 1 
- 1 
- 1 
- 1 
-*l 
+i) 
-i) 
+v> 
- ^ ) 
- ^ ) 
+v> 
•1) 
0^ -0,n±0,(l>-^ -'(t).n±<t> 
0 —> -0, n±0, independent of 0 
0 —> -6, n±0, independent of (p 
0 ^ -0,-n.±0,(i>-^ -^,K±(j> 
0-* -0, n ± 0. (p-^ -(j), n ± <t> 
0 —> -0, n±0, independent of <p 
0 —» —0, n±0, independent of (j> 
0-^ -0, ji ± 0, <t>-^ -<l), n ± (p 
9—'n + 0,(p^n + <l>,ix—>n + (x, 
P —> -P and y —> n + y 
0—»;r + 0, (^ —<;r + 0, a—»rt + a, 
P —> n + p and independent of y 
6 — n + 0,<j>—'n + <j>,a^-n + a, 
P —> n + p and independent of y 
0 — n + 0, (l>—>n + (t>, (X—>n + a, 
P -^ —P and y —> n + y 
0—>n + O,<j>—tK + <j>,x—>n + a, 
P — - P and > —> n + y 
0—>rt + 0, <^—'^ + 0 , a—'71 + 01, 
P —> n + p and independent of y 
6 —> n + 0, (^—»7t + <^ , a—>7r + a, 
P -> n + p and independent of y 
0—<rt + 0, (/>—>7t + (^, a—»it + a, 
P —> ~P and y —• 7t + y 
4.2.1. When magnetic and quadrupok interactions 
are equal 
(i) In Fig. 12(a)-(c), the graphs a, b, e and fare 
maximum at 135°, 315°, e > f > b > a, and min-
imum at 45°, 225°. The graphs c and d and g 
have opposite trends with respect to each 
other. The two fold symmetry is found in each 
case. 
(ii) In Fig. 13(a)-(c), the graphs a, b, e, f, d and g 
are maximum at 0°, 180°, 360° e > f > g > 
d > b > a , and minimum at 90°, 270°. The 
graph c has opposite trend with respect to 
other graphs. It has maxima at 90°, 270° 
and minima at 0°, 180°, 360°. The symmetry 
of n is seen in each graph. The peaks of 
the graphs are shifted by 45° in forward direc-
tion. 
(iii) In Fig. 14(aHc), the graphs a, b, c, e and f 
are maximum at 90°, 270°, e > f > c > b > a , 
and minima at 0°, 180°, 360°. The graphs d 
and g have opposite trends with respect to 
other graphs. They have maxima at 0°, 
180°, 360°, g>d , and minima at 90°, 270°. 
The rest of the behaviour is like that of case 
(ii). 
4.2.2. When the magnetic interaction is five times of 
quadrupole interaction 
In Figs. 15-17, the trend of the graphs a-g is 
found to be the same as in Figs. 12-14, respec-
tively. The graphs b and g rise sharply whereas the 
a, c and f show sharp fall. The behaviour of the 
graphs c and d are again entirely different from 
each other. 
4.2.3. When the quadrupole interaction is five times 
of the magnetic interaction 
In Figs. 18-20, the trend of the graphs a-g is 
found to be the same as in Figs. 12-14, respec-
tively. The graphs c and f show sharp rise whereas 
the graph b shows sharp fall. 
By looking at all the graphs it turns out that the 
relative intensities are very strong functions of 
various parameters viz., r\, 9 and </> in the case of 
unrotated system and rj, 6, 0, a, p and y m the case 
of rotated system. It is seen that the relative 
intensities become most sensitive when the mag-
netic interaction is greater than quadrupole inter-
action. It is also found that the ratio of intensities 
become more sensitive when the asymmetry 
parameter (rj) approaches unity. 
5. Conclusion 
S All. AlmuMin I Niid Imlr and Meth m Phys Res B 222 (2004) 371-402 
(1 -COSi?) 
401 
y/y\6n 
An inspection of the calculations and graphs 
reveals that the degree of polarization remains 
unity, i.e. the electromagnetic radiation remains 
plane polarized in unrotated and rotated systems. 
But the relative intensities show strange behaviour 
with various crystal parameters, viz., //, 6, cp, a, p 
and y when H^ = HQ, //„, = 5//Q and HQ = SH^ 
are in unrotated and rotated systems. It is also seen 
that the relative intensities become more sensitive 
when the electric field gradient is highly asym-
metric. This sharp change in relative intensities 
leads to accurate measurement of the parameters 
which are involved in these interactions. Certain 
symmetries have been found in both the cases, 
namely, unrotated and rotated systems for each 
line. 
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Appendix A 
Eo[R{A^')R-'] = D\ _MA\) + D\ _MA\'] 
+ Dl_MA) 
using Eqs. (16) and (23) 
( l - cos i ? ) {cos(a - }') - i sin(a - y) 
+ 
X i/3/167r(cos 0 -H i sin(/))} 
(l+cosi?) (cos(a + )•) + i sin(a + y)) 
X \/3/167r(cos (j) - i sincf)) + 0 
(cos0cos(a -"/) 
= \/3/167t 
- i cost/) sin(a - y) + i sin(^ cos(a - >') 
• • > • _ , . , .. ( 1 + c o s i 3 ) 
- r sm (p sm(a - y)) H 
X (cos (f)) cos(a -I- y) -I- i coscf) sin(a + y) 
+ i sine/) cos(a + y) - i^  sin (/> sin(a + y) 
1 -cosP) (cos(/>cos(a - y) 
(1+cosiS) 
-|-sin(/)sin(a - y)) + 
X (cos (/)) cos(a + y) + sin </> sin(a + -/) 
(1 -cosi?) i\/3/167r 
sin0cos(a - y)) 
(cos (j) sin(a - y) 
( l+cosi?) 
X sin (j) cos(a + y) — cos (j) sin(a + 7) 
For simplicity let us denote 
(l+cosi?) 
/ i (cos (^cos(a -f y) + sin (/) sin(a -f y)) 
(1-cos/?) . ^ , 
H (cos(pcos(a-y) 
+ sin(^sin(a-7)) 
h = 
(l-l-cosj3) , . , , - , . , ,, (sm(pcos(a + y) - cos(psm(a + y)) 
{\-cosP), ^ . , 
H (cos(psm(a - y) 
-s\n(pcos{(x-y)) 
Similarly, f^, f^, fs and ft can be calculated. 
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On the Angular and Polarization Distributions of the 
Mossbauer Radiation |7/2+) -^ |5/2+) 
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Department of Applied Physics, Z. H. College of Eng. and Technology, Aligarh Muslim University, 
Aligarh-202002, India 
(Received June 16, 1999) 
The multipole radiation field theory has been used to calculate the angular and the polarization 
distributions of the Mossbauer radiation available between 17/2+) -^ |5/2''") nuclear states. The 
determinant of coherency matrix, intensity and degree of polarization of each line are zero, non-
zero and unity, respectively. The determinant of coherency matrix and the degree of polarization 
are anisotropic whereas the intensity is isotropic. The Kramer's degeneracy does not exist. The 
results are transformed from the principal axis system to the crystal fixed axis system using the 
rotation matrices. Certain symmetries have also been found. The computer analysis reveals that 
the degree of polarization is very sensitive function of the hyperfine field parameters in single 
crystals. 
KEYWORDS: Mossbauer radiation, coherency matrix, degree of polarization, principal axis system, crystal fixed 
axis system 
§1. Introduction 
When a gamma-ray emitting or absorbing nucleus is 
placed in the presence of magnetic and electric fields, the 
magnetic dipole moment of the nucleus interacts with the 
surrounding magnetic field, and the quadrupole moment 
of the nucleus interacts with the electric field gradient 
set up by the legands ai-ound it.^ ^ Attempts have been 
made to construct a theory to evaluate hyperfine field 
parameters in single crystals using the Mossbauer reso-
nance. 
In the nuclear transition |7/2+) -)• |5/2+) of ^^^Eu 
eighteen lines are obtained when the nucleus interacts 
with the mixture of magnetic as well as electric fields. 
The coherency matrix,^' the intensity and the degree of 
polarization'^^ have been calculated for each line using 
the multipole radiation-field theory'^ ^ and density-matrix 
approach.^' ^^  Extensive use of D-matrix^^ has been made 
to transform the results from the principal axis system 
(PAS) to the crystal fixed axis system (CFAS). 
It is observed that the rotation matrices retain com-
plete information over the change of angular and mag-
netic quantum numbers. Certain symmetries are also 
found in the coherency matrices and intensities of lines. 
These observations are very much useful for the angulea 
and polarization measurements. 
§2. Theory 
The most familiar part of the hyperfine structure with-
out doubt is the magnetic part arising from the interac-
tion of the nuclear magnetic dipole moment fi with the 
magnetic field H due to the atom's own electrons. The 
magnetic field is supposed to be parallel to the 2:-axis. 
The Hamiltonian for the magnetic interaction^) is 
and the energy levels are 
Em = —fiHmi /I = —gni\iHmi (2) 
with mj = I, I — 1,- • • ,—I and yujv is the nuclear magne-
ton and g is the nuclear ^-factor. According to (2) there 
are (27 + 1) equally spaced energy levels. In general, a 
gamma transition between the ground and the excited 
states of spins /i and I2 must conserve the ^-component 
of angular momentum, i.e., the angular momentum, L, 
carried off by the gamma ray must satisfy 
|/i -I2\<L< |/i + hi with L^O. 
A transition with L = 1 is called an electric dipole 
El transition, if it is accompanied by a change in parity, 
otherwise it is a magnetic dipole Ml transition. The 
effective magnetic field acting on the nucleus arising from 
the atom's own electrons is usually called the internal 
field. 
When an atom is placed in a regular crystalline en-
vironment, it loses its spherical symmetry and the elec-
trostatic field interacts with the atom at the lattice site. 
If the surrounding crystal symmetry is less than cubic 
symmetry then electric field gradient at the lattice site 
becomes non-zero and interacts with the quadrupole mo-
ment of the nuclear state. The nuclear projection quan-
tum number states get split partially, depending upon 
nuclear spin. The quadrupole interaction Hamiltonian 
can be expressed as* ^ ^ 
HQ = e'Qq 3I^-IiI+l) + pl+l'_)j,i3) 
Hrr, = -fi- H = -QHNI • II, (1) 
4 / (2 / - 1) 
where Q, q, I and 77 are quadrupole moment of the nu-
cleus, field gradient, spin of the state under consideration 
and asymmetry parameter, respectively. 
For a single photon, the transition probability for an 
emission or absorption process depends on the interac-
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tion energy / / ' which can be given by the scalai- product 
of current density j of the source and the vector potential 
A of the field. Since the interaction energj' is a zero-rank 
tensor, H' must be given as^'^' 
H' = Y,h Y^ {-iTAX'T^iN). (4) 
T n = —1 
where T^{N) is a tensor of rank 1 in the coordinates of 
the nucleus and related to its multipole moments. The 
tensor T^ can be obtained from the multipole solution of 
the Maxwell's electromagnetic field equations.^^^ In the 
Mossbauer resonance, the initial state \i) of the nucleus 
having the angular momentum /, and other quantum 
numbers 7, can be given as 
\i) = CTn \li, h, m,) 
and final state of the nucleus is 
I/) =<^^fbrnf\'yf- h^ rUf), 
(5) 
(6) 
where a^, and bjj can be obtained from the diagonal-
ization of the hyperfine-interaction Hamiltonian. In the 
radiative nuclear transition the possible multipole radia-
tions generally encountered in the Mossbauer resonance 
are of the dipole and quadrupole character.^^^ The na-
ture of the electric or magnetic transition radiation is 
contained in the definition of ^ " . Hence, the / / ' for the 
nuclear radiative transition is 
H' = Const 
. M M 
(7) 
The transition probability for the nucleus to decay 
from state \i) to the state | / ) is proportional to the square 
of the matrix element {f\H'\i). The intensity of radia-
tion in a given direction n can easily be computed using 
eqs. (5)-(7) and it is proportional to the expression given 
by eq. (8) 
rm,m'i mf.rn'f E(-i) 
M + M' h 1 // 
m, —M TUf 
1 
' / 
m.' -M' m', f J 
Af'Af 
A^A^ 
+6^ E(-i)'"^'"' I^ 2 If m, —m nif 
The amplitudes a^, and hj^, can be evaluated by 
the first order perturbation theory because HQ is much 
smaller than the energy of the Mossbauer transition and 
the admixture coefficient 8, the ratio of E2 to M l , be-
comes zero in ^^^Eu.^^'^''' 
When a gamma-ray emitting or absorbing Mossbauer 
nucleus is placed in the environment of magnetic field 
then interaction takes place between the nuclear mag-
netic dipole moment and the magnetic field, and when 
both magnetic and electric fields are present,^^^ then new 
eigen energies and eigen states come into existence. 
Let us consider the case of ^^^Eu whose ground and 
first excited state spins are | -I- 5/2) and | + 7/2), respec-
tively. When the nucleus decays from the first excited 
state to the ground state, the Mossbauer radiation M l 
is obtained as shown in Fig. 1. assuming 77 = 0. 
§3. Polarization and Angular Distribution of 
the M l Radiation Available from ^^ E^u Nu-
cleus when Placed in a Single Crystal 
The Mossbauer-radiation measurements of angular 
and polarization distribution of a particular energy 
should give hyperfinc field parameters. There are some 
unique features in the measurement of the degree of po-
larization in the radiation emitted from a single crystal; 
complications due to anisotropic Debye-Waller-factor^^' 
which always affect the angular distribution of the 
Mossbauer radiation in single crystals, will be absent. It 
is almost impossible to separate the hyperfine field pa-
2 Ij 
-m' m'f 12 ^ 2 (8) 
rameters from unavoidable crystal orientation dependent 
Debye-Waller-factor if one is to measure only the angu-
lar distributions. These complications do not exist in 
polarization measurements. Therefore, the polarization 
determination has several advantages over the angular 
distribution measurements. An attempt has been made 
by Housley et ai^'^^ to understand the polarization effects 
in Mossbauer absorption or emission of Ml radiation in 
single crystals. Here they have considered that the prin-
cipal axis system of the EFG tensor coincides with crys-
tal fixed axis system. However, the principal axis system 
of the EFG tensor has no a priori relation to the crys-
tal cixis system. Hence, the proper calculations become 
essential to understand the polarization measurements. 
The polarization measurements are also useful for the 
determination of mean square displacement tensors in a 
single crystal. 
The polarization of the electromagnetic radiation can 
be calculated by two methods. The Stokes^^' method is 
ideally suited when the measurements allow the determi-
nation of the relative phase of the electric field vectors, 
which are orthogonal at a given point, specifying the elec-
tromagnetic radiation.'^' The Stokes method is applica-
ble when the measurements allow the introduction of the 
desired relative phase difference between the orthogonal 
electric-field vectors specifying the radiation.^°' Such po-
larization analysers are not available in the region of the 
X-ray wavelengths. Thus, the Stokes method for the po-
larization measurements of the Mossbauer gamma-rays 
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Etgen ttatc 
I 
Eig«n volu* 
7 /2 > _ 
5 / l > _ 
3 / 2 > _ 
l / 2 > _ 
l / 2 > — 
3/2 > _ 
5 / 2 , _ 
I - 7 / 2 > -
\ -
5 / 2 , . 
3 / 2 > . 
l / 2 > . 
l / 2 > . 
3/2>-
S/2>-
1 I 
7 / J II 
S/2 R 
3/2 R 
l / J » 
1/2 8 
3/2 R 
5/2 R 
7/2 R 
• 5/2 R' 
• 3/2 R' 
• X/2 R" 
- 1/2 R' 
- 3/2 R' 
- 5/2 R-
Ctgen value 
• 7 / 2 
• 5 /2 
• 3 / 2 
• 1 /2 
- 1/2 
- 3/2 
- 5/2 
- 7/2 
10 R^  • 5 /2 Rij 
- 2 I f » 3 / 2 rf, 
g. « 1/2 «, 
- 6 *, - 1 /2 K j 
-2 l«, - 3 / 2 B , 
^ -
7 — Y 
Fig 2 Unit vectors eg e^ and 67 are mutually orthogonal and 
BJ, IS perpendicular to the plane defined by OZ OM or ON 
5/2 I* , (a) (b) (c) 
Fig 1 (a) Energy level diagram of Mossbauer nucleus ^^'Eu 
placed m a cystal in the presence of magnetic field where R = 
—gUN and R' = —g'^N (b) Energy level diagram of Mossbauer 
nucleus ^^^Eu placed m a crystal in the presence of both mag 
netic as well as electric fields where fii = e^gQ/4/(2/ — 1) 
R2 = -ffiyUN fl'i = e^qQ/'iI(2I - 1) and R'^ = -g[nN 
Fig 3 Representation of the direction of gamma ray emission m 
the CO ordinate system a The Euler angles a B and 7 and 
their coresponding rotation which carry the (x y z) co ordinate 
system into the ( i ' y' z') co ordinate system b Orthogonal 
CO ordinate system denoted as the crystal fixed axis system c 
Principal axis system defined by the nuclear hyperfine interac 
tions 
IS not accessible The density matrix foimalism'' ^^  gives 
the degree of polarization which is measuiable for the 
gamma-radiation "^^  In the determination of polaiization 
it IS essential that we should considei the coherent prop-
erties of the radiation, the coherence in this context is to 
be interpreted as that property which retains degree of 
polarization of the electromagnetic wave as it propagates 
in space from the source to the detector In many nuclear 
transitions the Mossbauer-radiation is highly coherent, 
for example for ^'Fe coherent length~30m Since the 
nuclear hypeifine interaction admixes the m-projection 
quantum number states, hence the radiation emitted 
from such admrxed states should carry in its degree of po-
larization the information about hypei fine-field param-
eters When the radiation is emitted m the direction 
n{6 4>) with respect to a co-ordinate system, the electiic 
field may be represented as Escg -\- E^e^, where Eg and 
E^ are the field amplitudes in the direction of the unit 
vectors eg and e^ 
The coherency matrix p by defination is^ ^ 
• Pii P12 1 ^ [ l-Eel' Eg E ; 
. P21 P22 J Y El E^ \E^\'^ P = (9) 
The degree of polarization P is defined as the ratio of the 
intensities of the polaiized portion to the total intensity, 
-'Polarized P = 
•^Tota l 
= \ / l - 4 | p | / ( p i l + P 2 2 ) ^ (11) 
where \p\ is the determinant of matrix p 
P = 1 foi the monochromatic radiation since \p\ = 0, 
and the wave is said to be completely polarized, for P = 
0, the wave is said to be completely unpolarized In 
all other cases (0 < P < 1), the radiation is partially 
polarized ^' 
In order to get intensity of the different Mossbauer-
lines we need to evaluate matrix elements for each tran-
sition and square of the total transition amplitude should 
give the radiation intensity Consider 9 and (p to be 
the polar angles, specifying direction of the out coming 
gamma-ray m the PAS The unit vectors x, y and z in 
rectangular co-ordinate system can be related to e^, eg 
and e^ in the spherical co-ordinate system, as given in 
Fig 2 
and the intensity=|Pep -t- |£'^|2=trace of the matrix 
(10) 
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Table I. 
Line 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Transit 
+ 5/2) -> 
- 5/2) ^ 
+ 5/2) -J-
- 5/2) ^ 
+ 5/2) ^ 
- 5/2) ^ 
+ 3 /2) -> 
- 3/2) ^ 
+ 3/2) ^ 
- 3/2) ^ 
+ 3 / 2 ) ^ 
- 3/2) ^ 
+ 1/2) -^ 
- 1/2) ^ 
+ 1/2) -> 
- 1/2) ^ 
+ 1/2) ^ 
- 1/2) ^ 
ion 
+ 7/2) 
- 7 / 2 ) 
+ 5/2) 
- 5 / 2 ) 
+ 3/2) 
- 3 / 2 ) 
+ 5/2) 
- 5 / 2 ) 
+ 3/2) 
- 3 / 2 ) 
+ 1/2) 
- 1 / 2 ) 
+ 3/2) 
- 3 / 2 ) 
+ 1/2) 
- 1 / 2 ) 
- 1 / 2 ) 
+ 1/2) 
777 
1 
- 1 
0 
0 
- 1 
1 
1 
- 1 
0 
0 
- 1 
1 
1 
- 1 
0 
0 
- 1 
+1 
c 
1 
1 
{2/7)V2 
(2/7) ' /2 
(1/21)1/2 
(1/21)1/2 
(5/7)1/2 
(5/7)1/2 
(10/21)1/2 
(10/21)1/2 
(1/7)1/2 
(1/7)1/2 
(10/21)1/2 
(10/21)1/2 
(4/7)1/2 
(4/7)1/2 
(2/7)1/2 
(2/7)1/2 
C(-l)'"/lf'" 
-^r ' 
(2/7)1/^2 _40 
(2/7)1/2.4° 
-(1/21)1/2/11 
- ( 1 / 2 1 ) 1 / 2 ^ - 1 
(5 /7 )1 /2 .1 - ' 
-(5/7)1/2.41 
-(10/21)1/2.4° 
(10/21)i/2>l° 
-(1/7)1/2.41 
- (1 /7)1/2 . 4 r ' 
- ( 1 0 / 2 / ) i / 2 / l - i 
- (10/21)1/2^1 
(4/7)1/2/1° 
(4/7)1/2.4° 
(2/7)1/2/11 
(2 /7 ) i /2 / l f i 
X = e-y sm 6 cos <p + eg cos 0 cos (p — e^ sm t*. 
y = e-f sin 0 sin 0 + eg cos 6sm(f) + e^ cos 0, 
5 = e-j.cos0 — eg sin ^. 
The radiation fields are given as21) 
Af^ ^ v'3/167r[cos6l(i; ± iy) - sin6'exp(±i0)i]/ 
Aj = -iy'S/STT sin9[sin (px - coscpy]. 
>(12) 
(13) 
The degrees of polarization and intensities of all 18 
lines in a single crystal of ^^^Eu have been calculated 
in both the systems, namely; (§3.1) the principal axis 
system (unrotated system) and (§3.2) the crystal fi.xed 
axis system (rotated system or laboratory system). 
3.1 The principal axis system (unrotated system) 
Now the transition amplitudes for all allowed 18 lines 
are calculated according to the selection rule m = ±1,0. 
The results are given in the Table I. where Cs are the 
Clebsch-Gordan Coefficients.^^' 
From eqs. (12) and (13), the values of ylf ^ and A'^ are 
given by 
Af^ = ^3/1671-[eg cos^ 6* cos 0 - e^ cos 0 sin 0 ± ieg cos^ 6 sin 0 ± ie^ cos 0 cos 0 + eg sin 0 cos 0 ± ieg • sin 0 sin ( 
Aj = -i-\/3787rsin0[eecos6cos0sin( 
, sm — eg sin 0 cos 6 cos 0 — e^ cos'^  0]. 
Now let us collect 9 and 0 dependent parts of the elec-
tric field E. This can be obtained just by taking the 
coefficients of eg and e^ in eq. (14). Thus, 
Eg{A^^) = v/3/167r[cos0±isin0], 
Ee{Al)=0 
and 
E^{Af^) = -A/3/167rcos6l[sin0Ticos< 
£'0(A?) = 1^3/877 sin (9. 
(15) 
(16) 
To calculate the coherency matrix p, trace of the ma-
trix and degree of polarization P for all 18 lines in 
151 Eu. 
Pii = ( P n + P n + P n ) , 
Pl2 = {p'l2 + Pl2 + Pl2): 
P21 = {P21+Pn+P'2l)-
and P22 = {p'22 + P22 + P22)' 
For the transition | + 5/2) -> | + 7/2): 
(17) 
P i i Eg{-A^')E;{-A^'] 
= + A/3/167r(cos 0 - i sin 0) ^ 3/167r(cos 0 + i sin ( 
= 3/167r, 
p[, = Egi-Ai')E;{-A^') 
= + y'3/167r(cos 0 — i sin < 
X [- y/3/16n cos 6l(sin 0 + icos0)] 
= +i3/167rcos6', 
P',, = E;{-A^')E4-A-') 
= + •\/3/167r(cos 0 + i sin 0) 
x[-V3/167r cos ^ (sin 0 + i cos 0)] 
= —i3/167rcos0, 
and 
p^2 = E^i-Ai')E;{-A--i.^ 
= + \/3/16TT cos 0(sin 0 + i cos 0)] 
X [-^-3/167r cos 0{sm 4> - i cos 0)] 
= 4-3/167rcos^^, using eqs. (15) and (16). 
The transitions | + 5/2) -^ \ - 7/2) and | - 5/2) -)• 
I + 7/2) are not allowed so p" and p'" will be zero. Using 
eq. (17). 
Pii P12 
P21 P22 
= 
3/167r +i3/167rcos6' 
-i3/167rcos6l +3/167rcos2 61 
IPI = 0. 
trace of the matrix = pu + pi2 
= 3/167r(l + cos2 6l). 
and the deg ree of polarization 
(18) 
(19) 
P = v ' l - 4 | p | / ( p n + P 2 2 ) 2 ) = l. (20) 
Similarly, the coherency matrices, trace of the matrices 
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Table II 
Line 
No 
1. 
2. 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14. 
15 
16 
17. 
18. 
Transition 
+ 5/2) -> 1 + 7/2) 
- 5/2) -^ 1 - 7/2) 
+ 5 /2)-> 1 + 5/2) 
- 5/2) ^ 1 - 5/2) 
+ 5/2) -> 1 + 3/2) 
- 5/2) -^ 1 - 3/2) 
+ 3 /2 ) -> 1 + 5/2) 
- 3/2) -> 1 - 5/2) 
+ 3/2) -> 1 + 3/2) 
- 3/2) ^ 1 - 3/2) 
+ 3/2) -> 1 + 1/2) 
- 3 / 2 ) ^ 1 - 1 / 2 ) 
+ 1/2)-> 1 + 3 / 2 ) 
- 1/2) ^ 1 - 3/2) 
+ 1/2) -> 1 + 1/2) 
- 1/2) ^ 1 - 1/2) 
+ 1/2) ^ 1 - 1/2) 
- 1/2) -f 1 + 1/2) 
Det-coherency 
matrix 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Trace of matrix 
(Intensity) 
3/167r(l + cos2 0) 
3/167r(l + cos2(?) 
3/287rsin2 0 
3/287rsin2 9 
l/1127r(l +cos2 0) 
l/1127r(l + cos2 5) 
15/1127r(l +cos2 6i) 
15/1127r(l +cos2e) 
5/287rsin2 0 
5/2871-sm^e 
3/1127r(l +cos2 9) 
3/1127r(l + cos2 0) 
5/567r(l +cos2 0) 
5/567r(l + cos^ 0) 
Z/U-nsn?e 
a/MTTSin^e 
3/567r(l+cos2 0) 
3/567r(l +cos2e) 
Degree of 
polarization 
Ratio of intensities 
relative to the 1st Lme 
1 
1 
4/7sm2 6 l / ( l+cos2e ) 
4/7sin2 61/(1 +COS2 0) 
1/21 
1/21 
5/7 
5/7 
20/2Uin'^e/{\ + cos^e) 
20/21 sin2 0 / ( 1 + c o s 2 e ) 
1/7 
1/7 
10/21 
10/21 
8/7 sin^ 0 / ( 1 + cos2 0) 
8/7sm2 5 / ( l + cos2 9) 
2/7 
2/7 
and degrees of polarization have been calculated for all i j 
18 transitions. The results are given in Table II. The i?A5"(0. 0)i?~^ = ^ I ) (Q . /3 ,7 )A7 ' ' (6 I , , (/)c). (21) 
graphical representations are given in Figs. 4 and 5. „__! ' " ' "^  
with23) 
P{a,0n) 
m m 
= exp[—im'a] exp[—17717] 
( - ) 1 0 + m ) ! 0 - m ) ! ( j + m ' ) '0 - rn'y]"^ 
3.2 Transformation of radiation field amplitude from 
the PAS to the CFAS 
Since there is no a priori reason that the CFAS and 
the PAS should coincide with one another. There-
fore, the transformation of observations from the PAS 
to the CFAS becomes essential. Such transformations 
have been carried out thiough rotation matrices,^"' 
D(a,/3,7), where a, j9 and 7 are Euler's angles, as given 
in Fig. 3. The rotation operator R{Q,I3,J) operating on 
spherical harmonics Af{9,(p) gives^^ 
E- SKJ - S - m'y.(j + m - sy.{m' + s - m)\ 
X (cos/?/2)2J+™-'"'-2«(-sm/3/2)'^'-'"+2^ (22) 
oe 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
'/', 
• 
. 
: 1/1, : 
. 
',/', 
• 
: '"". : 
^A 
: ' / I , : 
Angle (degree) 
Pig 4 Illustration of the ratio of intensities h/h, h/h, h/h, 
hi/h, Iiz/hi and In/h v/s the angles 6 
100 0 200 0 x n o 
Angle (degree) 
Fig 5 Illustration of the ratio of intensities / 3 / / 1 , /9 / /1 and 
/15//1 v/s angle e with the graphs A Ij/h, 9 = 0-360°, B 
/ 9 / / 1 , 0 = 0-360° C /15 / /1 , 0 = 0-360° 
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The field amplitudes for the M l radiation from eq. (21) 
are 
(Vol 69, 
RA\R-' = D] ,A\ + Dl, i^r ' + Dl ,A^„ 
RAlR-' = D\ oA\ + DU o^r' + Dl ^A\. 
Thus, 
Ee[R{A^')R-'] = \/37l67r[/(i) ± 1/(2)], 
Ee[R{A\)R-'\ = i.JZI^f{-,) 
E4R{Af)R-'] = -V37l6^[/(3) T/(4)], 
and E4R{A°)R-^] = i^3/8^f^e) 
(23) using eqs. (15), (16) and (23). 
where 
(24) 
(25) 
/ ( I ) = 
/{2) = 
/(3) = 
/(4 
( l + C O S / 3 ) , ^ . X . , . , ^^  ( l - C O S / 3 ) , 
r (cos 0cos(a + 7) + sm(f>sin(a + 7)) H ^(cos0cos(a - 7) + sin(psm{a ~ 7)) 
" (1+cos /? ) . . ^ , , , ^ , ,, ( 1 - c o s / ? ) , , , , . 
^ (sin0cos(a + 7) - cos(^sin(a + 7)) H ^(cos0sin(a - 7) - sin0cos(a - 7)) 
(1 + cos^) 
cos 0(sin <j) cos(a + 7) — cos </) sin(Q + 7)) 
H T cos6l(sin0cos(a - 7) - cos0sin(a - 7)) - (sin/3 sin 7 sin ^) 
(l + cos/3) 
cos 0(cos 0 cos(a + 7) + sin 0 sin(a + 7)) 
H cos^(cos0cos(a - 7) + sin0sin(a - 7)) + (sm/3cos7sin^) 
/(5) = sm^sin(o - 0) 
and /e = [cos/?sin^ — sin/? cos 0 cos (a - 0)]. as given in 
the appendix. For the transition | + 5/2) -> | + 7/2): 
p'n = EelR{-A^')R-']E*e[R{-A:')R-'] 
= +3/167r[/2i) + ff,^], 
p\2 = Ee[R{-A^')R-']E;[Ri-A^')R-'] 
p'n = - 3 / 1 6 7 r [ ( / ( i ) / ( 3 ) - / (2 ) / (4 ) ) 
- « ( / ( 2 ) / ( 3 ) - / ( l ) / ( 4 ) ) ] , 
P2I = - 3 / 1 6 7 r [ ( / ( i ) / ( 3 ) - / (2 ) / (4 ) ) 
+«( / (2 ) / (3 ) - / ( l ) / ( 4 ) ) ] , 
and p^2 = E4Ri~A^')R-']E;[R{-A^')R-'] 
= +3/167r[/f3)+/(24)], using eqs. (24) and (25) 
The transition | + 5/2) -> | - 7/2) and | - 5/2) -^ \ + 7/2) 
are not allowed so/?" and p'" will be zero Using eq (17). 
Table III 
Line 
No 
where 
Transition Det-coherency 
matrix 
Trace of matrix 
(Intensity) 
Degree of 
polarization 
^>=t/(^l,+/, 2 , /•2 (2) ^ • ' ( 3 ) + f? (4 ) and T2 UL + jy 
Ratio of intensities 
relative to the 1st Line 
1 
2 
3 
4 
5 
6 
7 
8. 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
+ 5/2) -> 1 + 7/2) 
- 5/2) -)• 1 - 7/2) 
+ 5/2) -^ 1 + 5/2) 
- 5/2) -^ 1 - 5/2) 
+ 5/2) ^ 1 + 3/2) 
- 5/2} ->• 1 - 3/2) 
+ 3/2) -^ 1 + 5 / 2 ) 
- 3/2) ->• 1 ~ 5/2) 
+ 3/2) ^ 1 + 3/2) 
- 3/2) ->• 1 - 3/2) 
+ 3/2) -> 1 + 1/2) 
- 3/2) -> 1 - 1/2) 
+ 1 / 2 ) ^ 1 + 3/2) 
- 1/2) -> 1 - 3/2) 
+ 1/2) ^ 1 + 1/2) 
- 1/2) -> 1 - 1/2) 
+ 1 / 2 ) ^ 1 - 1 / 2 ) 
- 1/2) -^ 1 + 1/2) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3/167rTi 
3/167rTi 
3/287rT2 
3/287rT2 
l/n2nTi 
\/U2nTi 
n/lUnTi 
15/1127rTi 
5/287rr2 
5/287rr2 
3/1127rTi 
3/1127r7i 
5/567rTi 
5/567rTi 
3/14;rT2 1 
3/147rT2 ] 
3/56jrTi ] 
3/567rTi : 
1 1 
1 1 
1 4TQ/7TI 
y 472/7Ti 
L 1/21 
I 1/21 
I 5/7 
1 5/7 
I 20^2/217^1 
L 20X2/2 ITi 
I 1/7 
1 1/7 
I 10/21 
I 10/21 
8T2/7r i 
8T2/7T1 
2/7 
2/7, 
2000) On the Angular and Polarization Distributions of the Mossbauer Radiation |7/2+) -> |5/2+) 2311 
2 0 I I I I I I TTT T | I 1 I I I I I I I | I 
(a) 
g i . 
b c&e 
' 
(c) g 
Angle (degree) 
1000 2000 ^000 
Angle (degree) 
(b) 
O. 10 
S 00 iw 
, g I I I I I I I I I I I I I I 
' 
Angle (degree) 
< '" 
(d) i 
I I I I I I I I I I I I I I I I I I I I I 
a, b,c&e 
_ j Q ' 
OO 1000 
• • ' I 
2000 3 0 0 0 
Angle (degree) 
Fig 6 (a) Illustration of the ratio of intensities /3 / /1 v/s the angles 0, 4> ^'^<^ Euler angles a, 3 and 7 with the graphs a 4> = a — 
l3 = -y = 0,e = 0-360°, b a = /3 = 7 = e = 0 (t> = 0-360°, c /3 = 7 = 9 = <^  = 0, Q = 0-360 d i = e = (f> = a = 0, 0 = 0-360°, 
e 0 = ^ = a = /3 = O, 7 = 0 360° (b) Illustration of the ratio of intensities /3 / /1 v/s the angles 6, <p and Euler angles a 3 and 7 
with the graphs a 4> = a = 3 = 'r = 30, 6 = 0-360°, b Q = /3 = 7 = 6I = 3 0 , 0 = 0-360°, c /3 = 7 = e = 0 = 3O, Q = 0-360°, 
d •y = e = 4> = a = 30, 3 = 0-360° e 9 = 0 = a = ;3 = 3O, 7 = 0-360° (c) Illustration of the ratio of intensities /3/ /1 ii/s the 
angles 9, cj) and Euler angles Q, 3 and 7 with the graphs a (f> = a = 3 = -f = Ab, 6 = 0-360° b a = /3 = 7 = e = 45, 0 = 0-360°, 
c p = 'r = e = <t> = 45,a = 0-360°, d 7 = 0 = </i = a = 45, /3 = 0-360°, e e = (^  = Q = /? = 45, 7 = 0-360° (d) Illustration of the 
ratio of intensities /3 / /1 v/s the angles 9, </> and Euler angles a, /? and 7 with the graphs a 0 = Q = /3 = 7 = 9O, 9 = 0-360° b 
Q = /? = 7 = 6> = 90, <A = 0-360°, c /3 = 7 = 6' = (^  = 90 a - 0-360°, d 7 = 6» = ,?i = a = 90 /? = 0-360° e e = <f> = a = 3 = 90 
7 = 0-360° 
P = 
P l l Pl2 
P2I P22 
3/167r[ /2 + / 2 ] 
'(1) ^ - ' (2 ) J 
- 3 / 1 6 7 r [ ( / ( i ) / ( 3 ) - / (2) / (4)) + l ( / (2) / (3) + / ( l ) / ( 4 ) ) ] 
H = o, 
trace of the matrix = pn + P22 — 3/167rTi, 
-3 /167r [ ( / ( i ) / (3 ) - / (2) / (4) ) - i ( / ( 2 ; / ( 3 ; + / ( i ) / ( 4 ) ) ] 
3/167r[ /2 ^ , 2 1 
(26) 
(27) 
where 
Tl - / ( I ) + /(2) + /(3) + / ( 4 ) ' 
P=V1-4 |H/ (P11 + P22)2 = 1 (28) 
and the degree of polarization is given by eq (11), 
Similarly, the coherency matrices, trace of the matrices 
(intensities) and degrees of polarization have been calcu-
lated for all 18 lines The results are given in Table III 
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(a) 
r I I I I I '1 I I I I 1 
b, c&e 
^ Q ' I • H ' • ' ' ' ' • • • • • • ' ' • 
(0 
ao too.o 300.0 300 0 
Angle (degree) 
11 11 11 I ) 11 11 I I I I 11 I I I 
. 1 0 ' • • ' ' 11 I I I I • I f I f • . 
0.0 100.0 700 0 300 0 
Angle (degree) 
(b) 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2.0 I I I I I I 
(d) 
Angie (degree) 
5 0.0 
aj b, c & e 
• ' • • 
Angle (degree) 
Fig. 7. (a) Illustration of the ratio of intensities Ig/h v/s the angles 9, 4> and Euler angles Q, 3 and 7 with the graphs: a: o = a = 
(i = -) =0,6 = 0-360°; b; 0 = 3 = 1 = 9 = 0. 0 = 0-360°; c; /3 = - ) = e = 0 = O, a = 0-360°; d; 7 = e = <i = Q = 0. .-3 = 0-360°; 
e: d = (p = a = 3 = 0. -1= 0-360°. (b) Illustration of the ratio of intensities /9/ /1 v/s the angles 9, <p and Euler angles a, 3 and -) 
with the graphs: a: o = Q = J = ~, = 30. 6 = 0-360°; b: a = 0 = -, = 9 = 30. 0 = 0-360°; c: 3 = -, = 9 = o = 30. Q = 0-360°; 
d; -J = 9 = 0 = a = 30. 3 = 0-360°; e: 9 = <t> = a = 0 = 30, ~i = 0-360°. (c) Illustration of the ratio of intensities /<)//i v/s the 
angles 6, (p and Euler angles Q. 3 and ~] with the graphs; a: 0 = a = i = -r = 45. 6 = 0-360°; b; a = 3 = ~i = 9 = Ao. 0 = 0-360°: 
c: 3 = -y = d = d> = 4o. a = 0-.360°; d; -, = 9 = 0 = a = A5, 3 = 0-360°; e; 0 = 0 = Q = /? = 45. - = 0-360°. (d) Illustration of the 
ratio of intensities Ig/Ii v/s the angles d. 0 and Euler angles a, 0 and -> with the graphs: a: 0 = a = 3 = •) = 90, 6 = 0-360°; b; 
a = .i = 7 = 6» = 90, 0 = 0 360°: c; 3 = -., = 9 = 0 = 90. a = 0-360°; d: -^ = 9 = <i> = a = 90. 3 = 0-360°; e: 9 = 0 = n = 3 = 90. 
7 = 0-360°. 
The graphical representations are given in Figs. 6-8. 
§4. Conclusion 
A Mossbauer transition occurs between two nuclear 
levels and each of which may have a nuclear magnetic 
and quadrupole moments and thus the gi'ound and ex-
cited states levels may show hyperfine field splittings. 
Basically, the law of conservation of angular raoiuentum 
and that of parity leads to the formulation of definite 
selection rules which characterise the transition between 
two states and these ensure that there is a high probabil-
ity transition in which change in the 3-quantum numbers 
Ij - li = m, which is 0 or ±1 . The energy level schemes 
and the observable spectrum for / = 7/2 —> / = 5/2. 
the transitions are presented. In the case of magnetic 
hyperfine interaction the energies of states are different 
and we get 18 allowed transitions. If magnetic hyperfine 
interaction and nuclear quadrupole interaction both are 
simultaneously present wc again get 18 allowed transi-
tions. 
4-1 The degree of polarization and intensities in the 
principal axis system. 
The degree of polarization for all 18 lines is calculated 
by using eq. (11). It is found that the degree of polariza-
tion is unity for each transition radiation. The wave is 
said to be completely polarized and the components E^ 
and Ey of electric vector E are mutually coherent and 
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Fig 8 (a) Illustration of the ratio of intensities /15//1 v/s the angles 9, (p and Euler angles a, 3 and •) with the graphs a 0 = Q = 
/3 = 7 = 0, e = 0-360°, b a = /3 = 7 = 6> = 0, 0 = 0-360°, c /3 = 7 = ec = 0 = O, Q = 0-360°, d 7 = 6> = 0 = a = O, /3 = 0-360°, 
e S = (^  = a = /3 = 0, 7 = 0-360° (b) Illustration of the ratio of intensities hs/h v/s the angles fl, 0 and Euler angles a 0 and 
7 with the graphs a cj> = a = 3 = j = 30, 9 = 0-360° b a = 3 = -, = 9 = 30, (f> = 0-360° c /3 = 7 = 6» = (/) = 30, Q = 0-360°, 
d; 7 = e = 4) = a = 30, /3 = 0-360°, e 9 = <^  = Q = /3 = 3 0 , 7 = 0-360° (c) Illustration of the ratio of intensities /15//1 v/s the 
angles 9, (p and Euler angles a, 0 and 7 with the graphs a (^  = a = /3 = 7 = 45, 9 = 0-360°, b Q = /3 = 7 = e = 45, <^  = 0-360°, c 
3 = J = 9 = 4,c = 45. alpha = 0-360°. d 7 = e = <^  = a = 45, /3 = 0-360°, e e = 0 = a = ,3 = 45, 7 = 0-360° (d) Illustration of 
the ratio of intensities /15//1 v/s the angles 9, ip and Euler angles a, 3 and 7 with the graphs a 0 = 0 = ^ = 7 = 9 0 , 6 = 0-360°, 
b a = /3 = 7 = 9 = 90, 0 = 0-360°, c (3 = 7 = 6 = 0 = 90, a = 0-360°, d 7 = e = 0 = a = 9O, /3 = 0-360°, e 6I = 0 = Q = /3 = 9O, 
7 = 0-360° 
its phase is equal to the difference between the phases of 
the two components. The coherency matrix and degree 
of polarization for both the cases of magnetic interac-
tion and for the mixture of magnetic and quadrupole 
interactions are shown. When Am — o, the transitions 
I ± 5/2) -> I ± 52), I ± 3/2) -^ I ± 3/2) and | ± 1/2) ^ 
I ± 1/2) have a radiation pattern proportional to sin^ 6 
and for Am = ±1 , the transitions | ± 5/2) -> | ± 7/2), 
|±o/2) -> |±3/2), |±3/2) -> |±5/2) , |±3/2) ^ | ± l / 2 ) , 
| ± l / 2 ) -> |±3/2) and |± l / 2 ) -^ 1^1/2) have a radiation 
pattern proportional to (1 + cos^ 6), m each case. 
The intensities are found to depend upon the angle 
6 but independent of angle 0. The ratio of intensities 
of the lines 1. 2, 3. 4 . .18 lelative to the first line have 
been calculated. The ratio of the hnes 1. 2, 5, 6, 7, 8, 
11, 12. 13, 14, 17 and 18 aie constant whereas that of 
the lines 3, 4, 9, 10. 15 and 16 are dependent on 6. The 
determinant of coherency matrix, trace of the matiix and 
ratio of intensities aie shown for magnetic as well as for 
the raixtuie of magnetic and quadrupole interactions 
4-2 The degree of polarization and intensity m the crys-
tal fixed axis system 
Now the transformation of calculations is carried out 
from the PAS to the CFAS. It is found that the degree of 
polarization is unity for each line The trace of matrices 
depends upon the angle 0, cj), a, 0, and 7. The rotation 
is made from x, y, z io x', y', z' and certain symmetries 
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have been found m the intensities for 0 —> n — 9 and 
9^—0 replacement 
It IS also found that the ratio of intensities of the lines 
3, 4, 9, 10, 15 and 16 are dependent of angles 9, 0, a, /3, 
and 7 Whereas the ratio of intensities of the lines 1, 2, 5, 
6, 7 8, 11, 12, 13, 14, 17 and 18 are found to be constant 
It means that these latio of intensities are isotropic The 
determinant of the coherency matiix trace of the matiix, 
degree of polarization and ratio of intensities are shown 
for magnetic interaction and for the mixture of magnetic 
and quadrupole interactions 
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Appendix 
Eg[R(A^')R-'] 
= D\ _,Ee{A\) + D i i _,Ee{A-') + D^ ^,Ee{Al) 
using the eqs (15) and (23) 
( 1 - c o s / 3 ) / X . ^ / o / i c ( J. , A^^ , ( l + C O S / 3 ) 
= {cos(a - 7) - ism(a - 7) v3/167r(cos0 +isim?!))} + -^^  
X (cos(a + 7) + 1 sin(a + 7)) -\/3/167r(cos 0 — 1 sin 0) + 0 
• ( l - c o s 5 ) 
= A/3/167r (cos <;!) cos(a — 7) — 1 cos 0 sin(a — 7) + 1 sin < 
xcos(a - 7 ) - i^sin(^sin(Q - 7)) ^ (cos0cos(a 4-7) + icos<;i)sin(Q + 7)) 
+isin0cos(a + 7) — 1 sin0sin(a + 7) 
• ( l -cos /3) 
= ^/3/167r 
iv/3/167r 
(cos0cos(a - 7) + sin0sm(a - 7)) H (cos0cos(o + 7) +sm0sin(Q; + 7) 
( l - c o s / 3 ) , ^ , ^ ^ , J l + cos/3), ^ , , , , ^ (cos0sin(a - 7) - sin0cos(a - 7) (sin0cos(Q + 7) - cos0sin(a + 7) 
For simphcity let us denote 
"(l+cos/3) 
/(I) = 
+ 
2 
(l-cos/3) 
cos 0 COS(Q+7)+ sin 0 sm(a+7)) 
(cos 0 cos(a—7)+ sin 0 sin(a—7)) 
/^ 2) = \- ^(s in0cos(a+7)-cos0sin(a+7)) 
( l - c o s / 3 ) , , / N 1 ( w 
4- -i ^(COS0SIII(Q'—7)—sin0cos(Q—7)) 
E,\R{A\')R-^\ = V3/167r[/(i)-i/(2)] 
Similarly, /(3), /(4), /(s) and /(g) can be calculated 
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